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Preface 


The  Raman  scattering  process  is  one  of  Nature's  fasci¬ 
nating  yet  subtle  phenomena  which  is  just  beginning  to  be 
explored  as  one  of  Man's  Tools  to  further  his  understanding 
of  the  properties  of  matter  and  radiation,  and  their  intimate 
interactions.  I  enjoyed  immensely  the  study  and  application 
of  this  subtle  phenomenon.  The  theoretical  aspects  of  this 
thesis  greatly  increased  my  understanding  of  optics,  signal 
analysis,  electromagnetic  theory  and  its  application  to  the 
study  of  the  interaction  of  light  with  matter.  The  exper¬ 
imental  aspects  taught  me  that  experimental  research  follows 
a  long,  winding  path  which  takes  you  on  many  roads  full  of 
potholes  and  deadends. 

Noise  was  the  villain  in  this  thesis  which  prevented 
the  Raman  signal  from  ever  popping  its  head  high  enough  to 
be  observed.  The  noise  was  fought  during  my  alloted  time 
but  in  the  end  the  noise  remained  the  villain.  The  fight, 
however,  led  to  my  increased  understanding  of  this  phenom¬ 
enon  and  alternate  ways  to  defeat  the  noise  for  those  few 

brave  souls  who  wish  to  continue  the  battle  in  the  future. 

I  am  greatly  indebted  to  my  advisor  Dr.  Roh  who  guided 

me  through  this  research.  He  taught  me  a  great  deal  about 
working  in  a  laboratory  environment  and  how  to  think  as  an 
experimentalist. 

I  would  also  like  to  thank  George  Gergal,  Ron  Gabriel, 
and  Jim  Miskimen  for  their  technical  help  with  the  labor¬ 
atory  equipment  used  at  AFIT. 
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Abstract 

An  analysis  of  the  stimulated  Raman  scattering  process 
has  been  carried  out  for  three  variational  techniques  of 
stimulated  Raman  spectroscopy  (SRS)  using  low  power  CW  lasers 
and  synchronous  detection  techniques .  The  three  variational 
techniques  of  SRS  examined  are  direct  SRS,  Raman-Induced 
Kerr  Effect  (RIKES)  and  Optically  Heterodyned  RIKES  (OHD 
RIKES) -  In  this  analysis  the  Raman  scattered  signals  for 
all  three  variational  techniques  were  derived  using  Maxwell's 
equations  for  both  amplitude  and  phase  modulation  techniques. 
The  noise  contributions  for  each  technique  were  also  examined. 
It  was  found  that  the  main  source  of  noise  for  each  technique 
was  due  to  probe  laser  intensity  fluctuations. 

The  results  of  this  analysis  were  utilized  on  an  exper¬ 
imental  SRS  system  using  low  power  CW  lasers  and  synchronous 
detection  which  was  built  to  record  Raman  spectra.  This 
technique  would  provide  the  Air  Force  with  a  valuable  diag¬ 
nostic  tool  for  potential  use  in  many  areas  such  as  combus¬ 
tion  research,  chemical  kinetics  and  solid  state  technology. 
This  system  failed  to  record  Raman  resonance  of  liquid  ben¬ 
zene  at  992  cm  ^  and  solid  silicon  at  520  cm  ^ .  This  was 
due  to  poor  signal-noise  ratios  of  less  than  one  caused 
primarily  by  probe  laser  intensity  fluctuations.  The  re¬ 
sults  of  the  analysis  on  this  system  yielded  the  minimum 
necessary  modulation  frequencies  for  each  variational  tech¬ 
nique  in  order  to  detect  the  Raman  resonance  in  benzene. 
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ON  THE  APPLICATION  OF 
STIMULATED  RAMAN  SPECTROSCOPY 

I  introduction 

Background 

The  spontaneous  Raman  scattering  process  is  a  non¬ 
linear  optical  effect  caused  by  an  inelastic  scattering  of 
radiation  due  to  molecular  vibrations  in  the  case  of  gases 
and  liquids  and  lattice  vibrations  in  the  case  of  solids. 
This  process  was  predicted  in  1928  by  Chandrasekhara  Raman 
(Ref  1:44) .  The  Raman  process  results  in  an  upward  and 
downward  shifting  of  the  incident  radiation  frequency  by  an 
amount  equal  to  the  vibrational  frequency  of  the  inter¬ 
acting  molecule  or  lattice  vibration.  The  downward  shifted 
radiation  is  called  the  Stokes  wave  and  the  upward  shifted 
radiation  is  called  the  anti-Stokes  wave.  Before  the  laser 
was  developed  Raman  scattering  was  a  very  difficult  phenom¬ 
enon  to  observe.  This  was  due  to  the  extreme  weakness  of 
the  Raman  scattered  radiation.  With  the  advent  of  the 
laser,  spontaneous  Raman  scattering  has  become  a  very  use¬ 
ful  tool  for  studying  molecular  vibrations,  molecular 
structure  and  symmetry  as  well  as  the  structure  and  vibra¬ 
tions  of  solids  (Ref  2:V) . 
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A  slightly  modified  form  of  spontaneous  Raman  scatter¬ 
ing,  called  stimulated  Raman  scattering,  was  observed  by 
Eckhardt  et  al^  (Ref  3:455-457).  Stimulated  Raman  scattering 
occurs  when  two  overlapping  radiation  fields,  which  differ 
in  frequency  by  an  amount  equal  to  the  vibrational  frequency 
of  the  interacting  molecule  or  lattice,  are  both  incident 
onto  the  sample.  These  two  fields  are  supplied  by  two  laser 
sources  whose  beams  are  made  to  overlap  in  the  sample.  The 
higher  frequency  field  will  be  called  the  pump  wave  and  the 
lower  frequency  field  will  be  called  the  probe  wave  in  this 
thesis.  When  the  pump  wave  interacts  with  the  sample,  the 
Stokes  field  created  due  to  the  nonlinear  properties  of  the 
sample,  will  be  at  the  same  frequency  as  the  probe  wave. 

This  allows  the  Stokes  field  to  be  stimulated  by  the  pres¬ 
ence  of  the  probe  field,  hence,  the  name  stimulated  Raman 
scattering.  The  stimulated  Stokes  field  propagates  in  the 
same  direction  and  is  phase  coherent  to  the  probe  field. 

The  energy  density  of  the  Stokes  field  is  proportional  to 
the  energy  density  of  the  probe  field.  This  process  results 
in  the  net  gain  of  the  probe  wave  at  the  expense  of  the 
pump  wave. 

Figure  1  is  an  energy  level  diagram  which  depicts  the 
stimulated  Raman  scattering  process.  The  incident  pump 
photon  ('fiWp)  raises  the  molecular  system  from  the  ground 


nr 


vibrational  state  to  a  virtual  energy  level.  The  molecular 

system  is  then  stimulated  to  decay  from  the  virtual  level 

to  the  first  excited  vibrational  state  by  the  presence  of 

the  probe  field  (nfttog  where  n  is  the  number  of  photons  in 

the  probe  radiation  field) .  This  results  in  the  emission 

of  a  Stokes  photon  having  energy  ftoi  which  is  of  the  same 

s 

energy  as  the  photons  which  make  up  the  probe  field.  Hence, 
the  number  of  photons  in  the  probe  field  is  increased  by 
one  everytime  this  scattering  takes  place.  The  stimulated 
Raman  scattering  process  converts  part  of  the  incident 
energy  of  the  pump  field  to  molecular  (or  lattice)  vibra¬ 
tions  and  the  remaining  energy  leaves  as  a  photon  of  re¬ 
duced  energy. 


- - 5*. 
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Figure  1.  Energy  Level  Diagram  for  Stimulated 
Raman  Scattering  Process 
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The  scattered  light  of  the  stimulated  Raman  process  is 

generally  of  much  greater  intensity  than  the  scattered  light 

of  the  spontaneous  Raman  process  (Ref  4:209).  Much  of  the 

work  involving  the  stimulated  Raman  process  has  been  in  the 

generation  of  the  Stokes*  components  in  various  gas,  liquid 

and  solid  state  samples.  The  stimulated  Raman  scattering 

process  provides  high  resolution  Raman  spectra  limited  only 

by  the  linewidths  of  the  lasers  used  (Ref  5:1)  and  is  free 

of  interference  from  background  nonlinearities  (Ref  6:100D). 

This  has  led  to  an  endeavor  to  develop  the  stimulated  Raman 

process  as  a  spectroscopic  tool  known  as  stimulated  Raman 

spectroscopy  (SRS) .  SRS  provides  Raman  spectra  which  is 

directly  proportional  to  both  the  imaginary  part  of  the 

(3) 

third  order  nonlinear  susceptability  x  and  the  input 

pump  power  (Ref  6:100D).  Several  variational  techniques 
have  been  developed  and  analyzed  in  the  recent  years  to  en¬ 
hance  the  stimulated  Raman  signal.  These  techniques  include 
the  direct  SRS  (Ref  7:192-193) ,  Raman-induced  Kerr  effect 
(RIKES) (Ref  8) ,  and  optically  heterodyned  RIKES  (OHD  RIKES) 
(Ref  7:193-195; 9; 10)  . 

Of  particular  interest  in  this  thesis  is  the  develop¬ 
ment  of  SRS  using  low  power  CW  lasers.  Owyoung  has  recently 
demonstrated  SRS  in  liquid  benzene,  as  well  as  in  mixtures 
of  common  solvents  using  low  power  CW  lasers  for  both  the 


pump  and  probe  sources  (Ref  7:197-200;11;12) .  Owyoung  has 
incorporated  the  use  of  a  multipass  Raman  cell  which  en¬ 
hances  the  output  stimulated  Raman  signal  in  several  common 
solvents  (Ref  11) .  Owyoung  has  also  obtained  high  resolution 
stimulated  Raman  spectra  of  the  Q01(l)  transition  in  mole¬ 
cular  hydrogen  using  CW  lasers  (Ref  13) .  Recently,  Levine 
et  al  have  examined  and  proposed  the  use  of  SRS  for  studying 
monolayers.  They  also  propose  a  surface  Raman  ellipsometry 
technique  analogous  to  the  RIKES  technique  for  further 
signal-to-noise  enhancement  of  solid  state  samples  (Ref  14). 

The  development  of  SRS  techniques  will  provide  the  Air 
Force  with  a  valuable  tool  which  can  be  used  in  a  wide 
variety  of  scientific  study.  Indeed,  SRS  is  being  developed 
into  a  gas  diagnostic  tool  to  determine  the  temperature  and 
concentrations  of  major  species  in  combustion  environments 
such  as  the  hot  exhaust  of  a  rocket  engine  without  perturb¬ 
ing  it  (Ref  15) .  These  results  can  lead  to  the  improvement 
of  fuel  burning  efficiency  and  the  reduction  of  pollutants. 
Other  uses  of  SRS  include  the  following:  understanding 
basic  physics  such  as  the  examination  of  nonlinear  suscep- 
tability  tensor  elements,  dephasing  and  decay  times  and  the 
determination  of  rotational  constants  for  various  substances 
(Ref  1:49);  the  study  of  crystals  and  amorphous  solids; 
provide  a  wealth  of  useful  surface  information  of  solid 
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state  samples  and  hence  complement  other  surface  vibrational 
techniques  such  as  electron  energy  loss  spectroscopy  and 
IR  absorption  (Ref  14:1431);  provide  a  means  to  examine 
lattice  damage,  measure  dopant  ion  concentrations  and  the 
location  of  the  dopant  ions  of  an  ion  implanted  semi¬ 
conductor  both  before  and  after  the  annealing  process. 

Purpose  and  Scope 

The  purpose  of  this  thesis  is  twofold:  first,  to  de¬ 
rive  and  analyze  the  signal  and  noise  of  three  variational 
techniques  of  SRS,  which  include  direct  SRS,  RIKES  and  OHD 
RIKES  for  both  an  amplitude  and  phase  modulated  pump  beam; 
and  second,  to  develop  and  demonstrate  an  experimental  SRS 
system  using  low  power  CW  lasers  and  synchronous  detection 
based  on  Owyoung's  SRS  system  (Ref  12) ,  which  could  be  used 
to  obtain  and  study  Raman  spectra  of  liquids  and  solids. 

The  signal  and  noise  analysis  will  complement  the  exper¬ 
imental  aspects  of  this  thesis,  allowing  a  comparison  of 
the  experimental  results  to  the  predicted  results,  as  well 
as,  a  complete  diagnosis  of  each  variational  SRS  technique. 

A  liquid  benzene  sample  was  used  to  demonstrate  the 
experimental  setup  because  of  its  well-characterized  Raman 
resonance  at  992  cm  ^ .  All  three  techniques,  direct  SRS, 


RIKES  and  OHD  RIKES  were  tried  on  the  benzene  sample,  but 
resonance  was  never  observed.  This  was  attributed  to  a 


poor  signal-noise  ratio  (SNR) ,  due  primarily  to  a  noisy 
probe  laser  source  and  too  low  a  modulation  frequency  of 
lKHz.  This  forced  a  look  at  the  noise  power  spectral  den¬ 
sity  of  the  probe  laser  beam  to  determine  its  noise  content. 
Finally,  a  sample  of  silicon  was  tried  using  an  amplitude 
modulated  pump  source.  Thermal  background  noise  was  ob¬ 
served  which  completely  washed  out  the  Raman  resonance  at 
520  cm  In  order  to  suppress  the  thermal  background 
noise,  phase  modulation  must  be  used  instead  of  amplitude 
modulation  in  the  case  where  the  sample  is  an  absorptive 
solid  (Ref  14:1427). 

The  thesis  is  organized  in  the  following  manner. 

Chapter  II  discusses  the  basic  theory  behind  the  stimulated 
Raman  scattering  process.  In  Chapter  III,  the  basic  results 
of  Chapter  II  are  utilized  to  derive  the  signal  strengths 
for  the  three  variational  SRS  techniques  assuming  an  amp¬ 
litude  and  phase  modulated  pump  beam.  This  is  followed  by 
a  signal-noise  analysis  for  each  technique.  Chapters  IV 
and  V  discuss  the  experimental  apparatus,  procedures  and 
results.  Finally,  Chapter  VI  discusses  the  conclusions 
and  recommendations. 


II  Theory 


Introduction 

There  are  many  references  which  discuss  the  theory  be¬ 
hind  stimulated  Raman  scattering.  Some  authors  treat  this 
phenomenon  using  classical  mechanics  and  classical  electro¬ 
magnetic  field  theory,  whereas  others  choose  to  describe 
the  phenomenon  using  quantum  mechanics  and  quantum  field 
theory.  A  quantum  treatment  of  this  phenomenon  is,  however, 
very  limited  because  the  matrix  elements  involved  are  very 
difficult  to  calculate  (Ref  16:473) .  When  the  photon  den¬ 
sities  of  the  pump  and  probe  beams  are  low,  the  quantum 
treatment  gives  the  most  accurate  results.  However,  in 
most  cases  where  the  photon  densities  are  high,  classical 
field  theory  is  adequate  enough  to  describe  this  phenomenon 
(Ref  16:484).  Hence,  the  discussion  to  follow  will  treat 
the  stimulated  Raman  scattering  phenomenon  using  the  clas¬ 
sical  approach. 

In  the  first  section  of  this  chapter  the  stimulated 


Raman  gain  experienced  by  the  probe  beam  during  Raman  re¬ 
sonance  will  be  derived  using  Maxwell's  electromagnetic 
field  equations.  The  following  section  will  treat  the 
phenomenon  using  a  classical  harmonic  oscillator  model  for 


the  vibrations  of  the  medium.  This  will  allow  the  third- 
order  nonlinear  susceptability  tensor  (oj^ , o)2 ,co3)  , 


which  describes  this  nonlinear  phenomenon,  to  be  explicitly 
calculated.  The  form  of  (a^,^ ,<u3)  is  very  impor¬ 

tant  in  this  analysis,  since  the  Raman  signal  is  related  to 
it. 


Stimulated  Raman  Gain  Using  Maxwell *s  Equations 


The  magnitude  of  the  stimulated  Stokes  field  created  in 
a  sample  of  transparent  material,  where  there  is  no  magnet¬ 
ization  and  no  currents  due  to  free  charges,  is  determined 
using  Maxwell's  electromagnetic  field  equations.  The  eq¬ 
uations,  in  Gaussian  units,  are: 


1  3  5. 

V-X®  =  '?3t 


1  35 

7  x  H  =  i 

—  —  C  d  t 


H  =  0 


(1) 

(2) 


The  displacement  vector  D  is  related  to  the  electric 
field  E  by  the  relation 


D  *  E  +  4  t  P 


(3) 


where  P  is  the  electric  polarization  of  the  sample. 

The  classical  wave  equation  for  the  electric  field  is 


obtained  by  combining  the  above  field  equations. 


E  (z,t)  - 


3  E  ( z ,  t) 


c2  It2" 


4  TT  82E<‘» 

7 


3t‘ 


This  gives 

(4) 
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This  is  an  inhomogeneous  wave  equation  with  the  polarization 
P(t)  acting  as  a  source  term. 

The  E  and  P  fields  are  assumed  harmonic  with  iden¬ 
tical  frequencies  &i,  given  by 


E(.z,t)  =  | 

[  ECdiJe^*1  +  c.c.  ] 

(5a) 

P(t)  =  \ 

[  P(ai)e^a)t  +  c.c.  ] 

(5b) 

After  substitution  of  equations  (5a)  and  (5b) 

tion  (4) ,  we  get 

into  equa¬ 

V2e((o)  +  ~ 
c 

E(co)  *  ai2p (co) 

c 

te) 

The  polarization  P{<o)  is  made  up  of  a  linear  term 
and  nonlinear  terms  of  the  electric  field,  so  that  the  total 
polarization  is  written  as 

P(oj)  =  P(1)(<u)  +  P(2)(oj)  +  P(3)  («)  +  ...  (7) 


where 


* 


> 

r 


where  •  t*ie  nt** 

order  susceptibility  tensor  of  rank  n+1,  and  repeated 
indices  are  summed  over  (Ref  17:256).  (oj)  follows 

from  taking  the  Fourier  transform  of  the  polarization 
p(n) ^t)  as  given  by  Butcher  (Ref  18:17). 

All  even  order  terms  of  the  polarization  are  zero  for 
media  which  have  inversion  symmetry  (Ref  17:256).  The 
linear  term  P^(co)  is  expressed  as 


p[1}  (co)  =  (<o)Ej(a) 


(9) 


The  linear  susceptibility  is  related  to  the  dielectric  con¬ 
stant  of  the  media  e^Cco),  by  the  well-known  relation 


j  (o>)  =  1  +  4tt  (&>) 


(10) 


so  that  equation  (9)  becomes 


pj1)  (co)  =  ^  (eij(o))-l)E.  (co) 


(11) 


Substituting  equations  (11)  and  (7)  into  equation  (6),  set¬ 
ting  all  even  order  terms  to  zero  and  ignoring  all  odd 
order  terms  greater  than  the  third,  we  get 


7 2E (cu)  +  k2E(co)  =  co2P(3)(<o) 

c 


(12) 


where 


k2  - 
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In  general,  the  electric  field  may  be  written  as  a 
linear  superposition  of  harmonic  fields.  Thus,  equation  (12) 


may  be  written  for  a  single  harmonic  component.  In  this 
analysis,  the  Stokes  field  is  of  interest,  so  we  write 
equation  (12)  as 


vV*.)  +  ks  s> 


2 

-4t r<u 

s 

2 

c 


<v 


(13) 


where  Eg(a)g)  and  (<ag)  are  the  Stokes  electric  field 

and  the  third-order  polarization  in  the  frequency  domain, 
respectively,  and  kg  is  the  Stokes  wavevector.  The  solu¬ 
tion  of  equation  (13)  will  determine  the  magnitude  of  the 
gain  of  the  Stokes  field. 

To  solve  equation  (13)  the  envelope  of  the  Stokes 
field  is  allowed  to  vary  with  distance  z  inside  the  medium. 

The  envelope  of  the  field  takes  the  form  E  (to  )  =  E  (z) 

— -S  s  —“S 

*1  k  z 

eJ  s  .  The  Laplacian  of  equation  (13)  is  written  as 


7  ts(ws> 


E_  (<0 


3z 


2  -s  '  s 


3  E  (z)  3E  (z) 

1  1?—  +  -Si— 


-  k?E(z)]  ejksz 


s— 


Since  the  gain  in  the  Stokes  field  is  known  to  be  small, 
the  change  in  amplitude  of  the  envelope  with  respect  to  z 
must  be  small,  so  it  is  safe  to  assume  that 
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1  3E(Z)  | 

■ik  ' 5 

3  E  (Z) 
>>  ~s 

Pks  3z 

2 

3zz 

The  Laplacian  becomes 

2  2~  ( z)  ik  z 

*  W*  <-Wz)  +  2^ks  -if —  >eI1  s 


Substituting  this  back  into  equation  (13)  gives 


3E^(2)  2mo  (3)  -jk  z 

Si -  “  3  T—  £  (“s)e  3 

C  K  _ 


The  impinging  electric  field  onto  the  sample  is  com¬ 
posed  of  the  pump  wave  and  the  probe  wave  and  is  given  by 

E(z,t)  =  |  [i.«.s)eJ“.t  +  5p'Ve3“pt  +  C-°-]  <18) 


where  E  (oj  )  is  the  probe  electric  field  amplitude, 

E  (co  )  is  the  pump  electric  field  amplitude,  co  and  o» 

— p  p  s  P 

are  the  circular  frequencies  of  the  probe  and  pump  waves , 
respectively.  Substituting  the  Fourier  transform  of  the 
combined  electric  field  impinging  onto  the  sample  [equation 
(18)]  into  equation  (8)  yields  (co  )  as 


p'3)«»s)  -  s  £(3Nv-VVVV4<Ves(‘“s) 

+  3X(3) 


- •> 


where  the  indices  of  x}^  have  been  suppressed.  The  second 
term  on  the  right  hand  side  of  equation  (19)  is  a  non¬ 
resonant  term  which  is  much  smaller  than  the  first  term  and 
thus  is  neglected  in  this  discussion. 

Substitution  of  equation  (19)  into  equation  (17)  gives 


aEgfz) 

___ 


12ttco 

S 

2. 

c  k 


^(3)  vw  w^(v 


E  (z) 

J  (20) 


This  may  be  rewritten  as 

(3) 


3Es(z)  96tt2co  2 

=  j  — =5 -  X 


TF 


c3k 


(to  ,-0)  ,0)  )I  (z)E  fz) 
p  p  s  p  — s 


(21) 


c  |  |  2 

where  I  (z)  =  p—  [E  |  is  the  intensity  of  the  pump  beam, 


p  ’  '  8ir  1  p 


(3) 


(a)  ,-<o  ,oj  )  are  those  tensor  components  which 
P  P  s 


and  x 

contribute  to  the  Stokes  gain.  Since  the  intensity  of  the 
pump  beam  is  assumed  larger  than  the  probe  beam,  the  com¬ 
parative  depletion  of  the  pump  beam  is  insignificant  to  the 
probe  beam,  so  I  (z)  may  be  considered  constant.  This 
allows  an  easy  solution  to  equation  (21),  namely 


Vz>  =  EsoU=0)elRIpZ 


(22) 


where 


ac  2  2 

“g  (3) 

R  =  - = - —  x  (a  ,-w  ) 

3,  p  p  s 

c  k 


(23) 
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All  the  phase  terms  have  cancelled  out  so  that  the  stim¬ 
ulated  Raman  scattering  process  is  a  self  phased-matched 
interaction.  Hence,  this  phenomenon  is  insensitive  to  any 
effect  which  could  cause  phase  changes  in  either  the  pump 
or  probe  beam,  such  as  birefringence  or  optical  dispersion 
caused  by  the  optical  elements  used  in  an  SRS  experiment 
(Ref  11:324) . 

In  order  to  see  the  gain  more  clearly  we  let  jRI^  = 

( 3) 

a+jg  and  also  allow  x  to  have  real  and  imaginary  com¬ 

ponents  .  Thus  we  have 

-96ir2a)2I 

a  =  Re{  jRI  }  =  - = — 2_P_  Im{X  1  (u  ,-a>  ,a»  )  }  (24a) 

F  cJks  p  p 

96u2w  ^1 

&  -  ImCjRI  }  =  — g — 2— £  Refx1^  (o  ,-u  ,<u  )}  (24b) 

F  P  P 

It  will  be  shown  in  the  following  section  that  Im{X^}<0 
so  a,  which  is  the  gain  per  unit  length  of  the  Stokes 
field,  is  a  positive  quantity  indicating  that  the  Stokes 
beam  emerges  from  the  medium  with  a  greater  amplitude  than 
it  had  upon  entering  the  medium.  This  comes  about  through 
the  transfer  of  energy  from  the  pump  field  to  the  probe 
field. 

Since  the  gain  is  small,  the  exponential  function  of 
equation  (22)  may  be  written  as 
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'  + 


Egfz)  =  Ego  ( 1  +  az  +  jgz) 


(25) 


=  E  +  5E 
—so  — s 


(26) 


where 


5lg  =  Esq  (a  +  jB)z 


(27) 


The  development  so  far  does  not  take  into  account  the 

possibility  that  the  pump  field  maybe  composed  of  other 

frequency  components  besides  co^.  This  will  be  the  case  if 

the  pump  field  is  modulated  in  some  way,  as  is  commonly 

done  in  order  to  use  synchronous  detection  techniques.  In 

order  to  account  for  these  additional  frequency  components, 
( 3) 

the  x  is  examined  in  greater  detail.  Using  equation 
(8),  P* 3)  (cu)  may  be  written  as 


00  oo 

JJ 


p*3)  (<o)  =[ /x(3)  {a>1,a>2,a)-aj1-co2)E(a)1)E(6)2)  E((i)-a)1-a)2) 


dcu1dco2  (28) 

In  the  case  of  a  finite  number  of  possible  frequencies  for 
±o>^  and  ±w2,  for  example  the  set  of  frequencies  {co_n, 
<u_n+^ .  .con}  ,  the  integral  of  equation  (28)  reduces  to  a 
finite  sum  over  these  possible  frequencies.  Thus,  equation 
(28)  reduces  to 
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'  * 
Jk  - 


n  n 


P  3  (o>)  X(3?  (coi  ,o>  j  ,a>-CL>i-aj  ^ )  E  (coi)  E  (ojj ) 

i=-n  j=-n 


E(g)-co  .  -w  . ) 
1  2 


(29) 


This  is  now  substituted  into  equation  (17)  which  when  solved 
gives 


E^z)  =  E^fz-O)  e 


jR'  z 


(30) 


where 


12tui)  n  n 


R*  = 


s££  x<3)(«i.-»j.“s>Ep<“i>  v<“j>  ,31) 


c  ks  i=-n  j=-n 


This  leads  to  the  modified  expressions  for  a  and  3: 
2  n  n 


“12710)  ^ 

a  =  -  *  -  Y,  Im{X(  (a)i,-coj,a)s)}Ep(a).)  EpMaj..) 

(32a) 


12iro). 


s  i=-n  j=-n 
2  n  n 


6  -  Sr-E  E  Re(x(3)  (wi, -CDj  ,cos)  }Ep(aii)  Ep*(o)j) 


c  k 


s  i=-n  3=-n 


(32b) 


Classical  Susceptibility  Using  the  Nuclear  Harmonic  Oscil¬ 
lator  Model 

Stimulated  Raman  scattering  can  be  explained  very 
simply  by  treating  the  Raman  active  medium  as  a  collection 
of  N  uncoupled  harmonic  oscillators  per  unit  volume  where 
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each  harmonic  oscillator  represents  a  molecule.  If  q  is 
the  generalized  coordinate  representing  the  amplitude  of 
molecular  vibration  from  the  equilibrium  position,  then  the 
equation  o'f  motion  for  the  molecular  vibration  is 


♦ 

dt2 


*2  + 
dt 


2  _  F 

^  m 


(33) 


where  T  is  the  damping  coefficient  due  to  collisions, 

<i>v  is  the  natural  vibrational  frequency  of  the  molecule, 

F  is  the  driving  force  applied  to  the  molecule,  and  m  is 
the  reduced  mass  of  the  molecule. 

When  an  electric  field  is  applied  to  the  molecule,  the 
field  causes  the  electron  cloud  surrounding  the  molecule  to 
distort  or  polarize.  The  amount  of  polarization  induced  by 
the  field  is  given  by  (using  indicial  notation) 


Pk  "  NaklEl  <34> 

where  is  the  ktJl  component  of  the  induced  polariza¬ 

tion,  N  is  the  number  of  molecules  per  unit  volume,  ak^ 

is  the  molecular  polarizability  tensor  and  E-^  is  the  l1" 
component  of  the  electric  field.  Since  the  polarization  is 
the  product  of  charge  and  the  distance  between  the  charges. 


it  seems  reasonable  to  expect  that  the  polarizability  tensor 


(39) 


4-  6) 


3a 


kl 


Tq 


■>o  Vl 


as  the  equation  of  motion  for  q.  Assuming  a  harmonic  time- 
dependence  for  q,  of  the  form  q(t)  =  ^-[q  (z)  e^0,t+q*  (z) 
e“3cot]>  substituted  into  equation  (39)  yields 


da 


q(z)  = 


kl 


(6Jv2-coi)  +  jra)  2m 


9q 


>o  EkEl 


(40) 


The  electric  field  impinging  on  the  molecule  is  com¬ 
posed  of  the  probe  field  plus  the  pump  field.  Hence, 


E  =  ^[Ep(op)ejV  +  E^co^e^s*  +  c.c.] 


(41) 


Substitution  of  equation  (41)  into  equation  (40)  will  lead 
to  frequency  components  of  q  at  +  2aip,+2a>s ,  +  (o>p-o)g)  , 

+  (o>  +ai  )  and  a  d.c.  component.  The  pump  and  probe  fields 
P  s 

are  normally  in  the  optical  region  of  the  electromagnetic 

spectrum  and  is  normally  in  the  infrared  region. 

Hence,  the  +(<u  -oj  )  frequency  components  of  q  cause 
—  p  s 

resonance  when  a>p-a)s=a)v , 

Carrying  out  the  substitution  of  equation  (41)  into 
equation  (40)  yields 
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1  ,5“kl,  *plc<“p,E.I‘“.,aJ(“p‘“*,t 


“v  •(V<ds)  +jr(V“s) 


+  c.c  (42) 


Since  the  polarizability  a^  is  a  weak  function  of  q, 

as  seen  in  equation  (35),  substitution  of  equation  (42)  into 

equation  (35)  will  yield  a  polarizability  which  is  modulated 

at  0)  -<u  .  The  induced  molecular  vibration  caused  by  the 

p  s  1 

overlapping  pump  and  probe  fields  reacts  back  into  the 
impinging  electric  field  of  equation  (41) .  This  shows  up 
in  equation  (34)  where  the  product  of  which  exists 

at  the  frequency  (iip-(os,  and  ,  which  exists  at  fre¬ 
quencies  ois  and  oip,  cause  the  polarization  Pk  to  exist 

at  frequencies  +oi  ,  +  (2o>  -to  )  ,-  (2oi  -oi  )  ,-oi  ,  etc.  In  the 

s  s  p  p  s  p 

stimulated  Raman  process  the  ois  component  is  detected. 

The  nonlinear  polarization  at  frequency  ois  becomes,  after 
substituting  equation  (42)  into  equation  (39), 

* 

„  9a-  •  9a,  .  E  .  (oj)E,(oi)E,(oi) 

Pi  <*s>  "  8H(9T'3)  o  <  £KB-  P  .2;.-'--  -  <43> 

4  “v  ■(V“s)  +3r(“p"  s 


The  third  order  polarization  is  given  by 


(3)  * 

i  -  6xi jkl '“s’ Epj ( V Epk Esl ‘"s’ 


as  derived  in  equation  (19) . 


Comparing  equation  (44)  with  equation  (43)  yields 


/  v*  9ot  •  •  3a,  - 

Xijkl  (ajp'~<0p'£0s)  =  48i(3^J‘)o(9^  }o 


1 

TT 


“v  -(VC°s)  +^r(Va)s) 


(45) 


Near  resonance  where  cOp-cos=cov  the  denominator  of  equation 
(45)  becomes 


co. 


1  _  a  1_  1 

”2  .2,  .  _  ,  ~  co  *  2  (co  +co  — co  )  +iT 

~(co  -co  )  (0)  -co  )  v  v  s  p  J 


(46) 


P  s' 


P  s' 


Hence,  equation  (45)  reduces  to 


v(3)  lM  ..  %  _  N  ,9ctij,  ,3otkl, 

Xijkl  *“p'  “p'^s^  48m  ^3q  'o  3q  o 


1 _ 

%[2<V'“s"V+jr] 


(47) 


which  is  Lorentzian. 


X 


(3) 

ijkl 


are 


The  real  and  imaginary  components  of 
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(48) 


Refy'31  }  .  N 
RelXijkl;  T5m  l3q  'o 


,3oCkl.  _1  A 

^T"  o  cav  A2+r2 


Im{  x  ,• 


(3) 


ijkl 


}  = 


-  N 
48m 


dot .  . 


3ctki.  i_  r 

°  “v 


where  A  =  2  (oj  +  oj  -  oj  ) 
v  s  p 

Hence,  it  is  shown  that  the  imaginary  part  of 
negative  quantity  and  exhibits  a  Lorentzian  shape  much  like 
the  first  order  susceptibility  for  normal  attenuation. 
Likewise,  the  real  part  of  exhibits  a  shape  much 

like  the  first  order  susceptibility  for  normal  dispersion. 

( 3) 

In  general,  the  tensor  is  composed  of  81  com¬ 

ponents.  Fortunately,  symmetry  considerations  reduce  the 
number  of  nonvanishing  elements.  For  an  isotropic  medium, 
which  is  considered  in  this  thesis,  the  number  of  components 
is  reduced  to  21.  Of  these  21  components  only  3  are  in¬ 
dependent.  These  components  are  displayed  below: 

v<3)  =  ¥(3)  =  v<3> 

xllll  x2222  *3333 


y(3) 

_  Y(3) 

_  y(3)  _ 

v  (3) 

-  Y  (3) 

_  Y  ( 3) 

*1122 

*2211 

*1133 

*3311 

*2233 

*3322 

Y  (3) 

_  Y  ( 3) 

_  Y  (3)  = 

y  (  3) 

_  y  ( 3) 

_  y  ( 3) 

*1212 

“  *2121 

*1313 

*3131 

*2323 

*3232 

(49) 


,  ( 3) 
ijkl 


is  a 
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y(3)  (3)  =  (3)  =  (3)  _  (3)  _  (3) 

*1221  *2112  *1331  *3113  *2332  "  x3223 

and  X11X1  =  X1122  +  X1212  +  x1221  f*®*  18:49-50) 

where  subscripts  1,  2  and  3  are  the  x,  y  and  z  directions, 
respectively. 
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Ill  Variational  Techniques  of  SRS 

Introduction 

Synchronous  detection  is  the  method  employed  in  this 
thesis  to  detect  the  stimulated  Raman  gain  induced  in  the 
sample.  In  order  to  utilize  this  method,  the  detected 
signal  must  be  modulated.  This  is  accomplished  by  modu¬ 
lating  the  pump  beam.  Doing  so  causes  the  stimulated  Raman 
gain  of  the  probe  beam  to  be  modulated  through  the  gain's 
dependence  on  the  pump  field,  as  seen  in  equations  (32a,  b) . 
The  Raman  gain  is  synchronously  detected  with  a  lock-in 
amplifier  referenced  to  the  modulation  frequency. 

Amplitude  modulation  is  the  most  common  method  when 
working  with  transparent  liquids  or  gases.  However,  for 
the  case  of  absorptive  solids  such  as  silicon,  amplitude 
modulating  the  pump  beam  causes  the  temperature  at  the 
surface  of  the  sample  to  fluctuate  at  the  modulation  fre¬ 
quency.  This  change  in  temperature  induces  a  change  in  the 

dR 

reflectivity  of  the  probe  beam  which  is  synchronously 

detected  by  the  lock-in  amplifier.  The  signal  due  to  this 

.  4 

change  in  reflectivity  is  typically  10  times  greater  than 

the  Raman  signal,  hence  it  obliterates  the  chance  of  re¬ 
cording  Raman  spectra.  In  order  to  prevent  the  temperature 
from  fluctuating,  the  pump  beam  must  be  phase  modulated. 


As  will  be  shown,  phase  modulation  at  frequency  (um  causes 
the  Raman  signal  to  be  amplitude  modulated  at  a>m  which 
allows  it  to  be  synchronously  detected  by  the  lock-in  am¬ 
plifier  (Ref  14:1427). 

This  chapter  will  examine  the  stimulated  Raman  scat¬ 
tered  intensities  assuming  both  an  amplitude  and  phase  mod¬ 
ulated  pump  source  for  the  three  variational  SRS  techniques 
direct  SRS,  RIKES,  and  OHD  RIKES.  Each  of  these  techniques 
will  be  treated  separately  in  three  sections.  Each  section 
will  begin  with  a  description  of  the  technique,  followed  by 
a  signal  analysis  where  the  two  modulation  schemes  are 
assumed.  This  will  be  followed  by  a  signal-noise  analysis 
which  will  include  a  discussion  of  the  advantages  and  dis¬ 
advantages  of  each  technique.  The  details  of  the  signal 
analysis  are  presented  in  Appendix  A  for  the  AM  (amplitude 
modulation)  modulation  scheme  and  Appendix  B  for  the  PM 
(phase  modulation)  modulation  scheme. 

The  general  optical  arrangement  which  is  considered  in 
this  analysis  for  direct  SRS,  RIKES  and  OHD  RIKES  is  shown 
in  Figure  2.  The  pump  beam,  emitted  by  a  tunable  dye  laser 
is  passed  through  a  modulator  before  entering  the  sample. 
The  probe  beam,  emitted  from  a  fixed  frequency  laser,  is 
aligned  so  that  it  overlaps  the  pump  beam.  After  the  two 
beams  pass  through  the  sample  they  hit  a  grating  which 
spatially  separates  them.  The  probe  beam  then  passes 
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Figure  2:  General  optical  arrangement  for 
direct  SRS,  RIKES  and^OHD  RIKES . 

through  a  polarizer,  which  acts  as  an  analyzer,  before  im¬ 
pinging  on  the  photodetector.  To  record  the  Raman  spec¬ 
trum,  the  pump  laser  is  slowly  scanned  in  wavelength  so 
that  when  the  frequency  difference  between  the  pump  and 
probe  lasers  match  the  vibrational  frequency  of  the  sample 
the  induced  modulated  Raman  signal  is  synchronously  de¬ 
tected  by  the  lock-in  amplifier. 

Direct  SRS 

Description.  In  the  direct  SRS  technique  the  pump  and 
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probe  beams,  which  enter  the  sample,  are  both  linearly 
polarized  along  the  same  direction.  The  detected  probe 
beam  is  analyzed  along  this  direction.  Hence,  the  component 
of  the  third  order  non-linear  susceptibility  which  is  res¬ 
ponsible  for  the  scattering  in  this  configuration  is  the 
(3) 

*1111  (Note,  the  first  subscript  of  the  susceptibility  is 
the  analyzed  direction,  the  following  two  subscripts  are 
th~  pump  polarization  directions  and  the  last  subscript  is 
the  probe  polarization  direction) . 


Signal  Analysis  -  Amplitude  Modulation  of  Pump  Beam 
(AM  Case) .  Amplitude  modulation  of  the  pump  beam  is  ac¬ 
complished  by  utilizing  either  a  mechanical  chopper  or 
electro-optic  crystal  modulator  placed  in  the  path  of  the 
beam  just  after  it  emerges  from  the  laser.  The  intensity 
of  the  pump  beam  will  be  assumed  to  vary  sinusoidally  at  a 
frequency  of  co^.  The  pump  intensity  becomes 


Vt>  - 


= 

2 


(1 


+  cos  CO  t) 
m 


(50) 


where  I  is  the  intensity  of  the  pump  beam  before  enter¬ 
ing  the  modulator.  The  complex  electric  field  E  of  the 

P 

modulated  pump  beam  becomes 


co 


ep  - 


1 

2 


po 


r  (“n  + 

L  eJ  p  m 


+  e 


j  («T 


~  -T>  t  ] 


(51) 


28 


The  pump  and  probe  beams  interact  in  a  distance  &  in  the 
sample  giving  rise  to  a  gain  in  the  probe  beam.  The  total 
probe  field  which  leaves  the  sample  is  given  by  equation 
(25)  with  a  and  B  given  by  equations  (32a)  and  (32b). 
After  substitution  of  equations  (31a)  and  (32b)  into  equa¬ 
tion  (25)  we  have 
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where 


’rJ11  5  Im  (x{lll  <“p  +  rV(“p  +  s%>'  “s'1 
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jyn  describes  the  linear  dispersion  and 
attenuation  of  the  co  +  nw  com¬ 
ponent  of  the  Stokess field1? 
n  =  — 1 , 0 , — 1  for  AM. 

•  s  t  * 

where  an  is  the  1  order  attenuation 
coefficient  for  o)g  +  ncom  component  of 
the  Stokes  field. 
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.(i)  +  rtGJ  . 

Y  =  ri  l  — - - 2LL  where  n  is  the  index  of  re- 

n  n  c  fractionnfor  oj  +  nco  component 

of  the  Stokes  sfield. 

The  total  intensity  of  the  probe  beam  after  travelling 
through  the  sample  is 

Is  (z=*,t)  =  s?  |Es(z=*,t> [2  (53) 

After  substituting  equation  (51)  for  E  into  equation  (52) 

r 

then  calculating  I  ( z=l , t)  using  equation  (53),  the  total 
intensity  of  the  probe  beam  which  is  incident  onto  the  photo- 
detector  in  Gaussian  units  becomes  (see  Appendix  A  for  de¬ 
tails  of  calculation) 

Ig  (z=H  ,t)  |  direct  SRS  =  IQ  +  I1  cos  a»mt  +  I2  sin  a^t 

+  I3(t)  (54) 

where 


=  d.c.  terms 
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I3(t)  =  terms  proportional  to  \p  and  <J> 


(54c) 


(54d) 


The  in-phase  term  1^  is  directly  proportional  to  the  sum 
of  the  imaginary  components  of  the  X^ii  tensor,  whereas, 
the  quadrature  component  I 2  is  directly  proportional  to 
the  difference  in  the  real  components  of  which 

makes  I2  less  intense  than  I..  The  real  and  imaginary 
components  of  x|^|^  may  he  detected  separately  by  pro¬ 
perly  adjusting  the  reference  phase  on  the  lock  in  ampli- 

( 3) 

fier  but  the  signal  due  to  Rex  is  very  weak.  1^  is 

2  2 

proportional  to  ^  and  <t>  which  makes  detection  of  I3 

2 

much  more  difficult  due  to  the  small  magnitude  of  <p  and 


Signal  Analysis  -  Phase  Modulation  of  Pump  Beam  (PM 
Case) .  Phase  modulation  of  the  pump  beam  is  accomplished 
by  utilizing  an  electro-optic  (E/0)  modulator  aligned  such 
that  the  polarization  of  the  pump  beam  is  along  one  of  the 
principal  axis  of  the  E/0  crystal.  When  a  sinusoidal  field 
is  brought  across  the  crystal  the  phase  velocity  of  the 
pump  beam  will  vary  sinusoidally,  hence  the  beam  emerges 
from  the  crystal  phase  modulated.  The  electric  field  of 
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the  sinusoidally  phase  modulated  pump  beam  becomes 


Ep(t)=EpoS  Jn(fi)exp['j(a.p+n«m)t] 

n=-» 


(55) 

(Ref  19:15) 


where  EpQ  is  the  amplitude  of  the  electric  field  of  the 
pump  beam,  6  is  the  modulation  index,  are  the  Bessel 

functions  of  order  n,  and  co  is  the  modulation  frequency. 
The  modulation  index  <S  is  given  by 
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(56) 


where  nQ  is  the  ordinary  index  of  refraction  of  the  E/O 
crystal,  r^  is  the  63  element  of  the  electro-optic 
tensor,  Em  is  the  magnitude  of  the  electric  field  which 
drives  the  modulator,  2.  is  the  length  the  beam  travels 
through  the  crystal,  and  X  is  the  wavelength  of  the  pump 
beam  (Ref  20:260).  For  6<<1  the  modulated  pump  field  of 
equation  (55)  reduces  to 


Ep(t)  » 


po 
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(57) 


The  total  probe  field  which  leaves  the  sample  is  given  by 
equation  (52)  with  the  exception  that  r  and  s  are  now 
summed  over  -1,  0,  1  and  n  goes  from  -2  to  2  in  unit  steps. 
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> 


Equation  (57)  is  substituted  in  for  the  pump  field.  The 
intensity  of  the  probe  field  is  found  after  substituting 
the  resultant  Eg  field  into  equation  (53) .  The  result  of 
this  laborious  calculation  gives  the  intensity  of  the  probe' 
field  in  Gaussian  units  as  (see  Appendix  B  for  details  of 
calculation) 


I„  (z=£ ,  t)  I  direct  SRS  =  I  +  I.  cos  cot  +  X0  sin  co  t 
s  '  1  o  1  m  2  m 

PM 
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(58f) 


2  2 

Ig(t)  =  terms  proportional  to  (6<J>)  and 

The  in-phase  and  quadrature  signals  at  a>m  are  propor¬ 
tional  to  6,  whereas,  the  signal  at  2cum  are  propor- 
2 

tional  to  <5  .  Hence,  the  stronger  signal  exists  at  com 

due  to  the  small  value  of  6  (^.1  or  .01  typically).  If 

&)m  is  small  compared  to  the  width  of  the  P  resonance , 

then  1^  is  proportional  to  the  first  derivative  of 

and  I2  is  proportional  to  the  second  derivative  of 

The  in-phase  and  quadrature  signals  at  2com  (I^  and  1^) 

are  smaller  than  the  signals  at  co^  by  a  factor  of  6. 

Finally,  the  remaining  signals  existing  in  the  term  I,-(t) 

2  2 

are  proportional  to  ip  and  $  which,  because  of  the  small 
values  of  ip  and  <P ,  are  considered  negligible. 

Signal-Noise  Analysis.  It  is  very  important  not  only 
to  examine  the  amount  of  Raman  signal  that  can  be  detected 
but  also  to  examine  the  amount  of  noise  associated  with  the 
signal.  The  ultimate  factor  which  will  determine  whether 
or  not  the  signal  can  be  detected  is  the  signal-noise  ratio 
(SNR)  . 

In  general,  the  basic  contributions  to  the  noise 
arises  from  signal  shot  noise,  dark  current  noise  of  the 
detector,  Johnson  noise  arising  from  the  detection  elec¬ 
tronics  and  intensity  fluctuations  of  the  lasers. 


.v 
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The  shot  noise,  given  by  the  variance  of  the  signal 
current,  is  2el  Av  where  e  is  the  charge  on  an  electron, 
T  is  the  average  signal  current  and  Av  is  the  detection 
bandwidth  (Ref  20:281) .  The  average  signal  current  T  is 
given  by 


I  «  e  X  (t) 


(59) 


where  X(t),  known  as  the  rate  function,  is  given  by 


X(t)  = 


-«%/ 


|ES  (r, t) | 2  dr 


(60) 


The  quantum  efficiency  of  the  detector  is  given  by  n , 
is  Planck's  constant  divided  by  2tt,  cos  is  the  Stokes  fre¬ 
quency,  is  the  area  of  the  detector,  and  Eg  is  the 

detected  Stokes  field.  The  greatest  contribution  to  X (t) 
comes  from  the  d.c.  term  involving  the  unaffected  part  of 
the  probe  beam  as  it  passes  through  the  sample.  This  d.c. 

term  is  seen  as  the  first  term  in  equation  (52).  Equation  (60) 
becomes 


X(t) 


P 

so 


(61) 


where  Pgo  is  the  power  of  the  probe  beam  in  MKS  units 
incident  onto  the  detector.  Substituting  equations  (59) 
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and  (61)  into  2elAv  gives  the  variance  of  the  signal  cur¬ 
rent  due  to  shot  noise  as 

2 

Var[current  due  to  shot  noise]  =  PgQAv  (62) 

s 

The  mean- squared  deviations  of  the  pump  and  probe  laser 

2  2 

powers  are  given  by  PpQ  and  PgQ  Sg,  respectively. 

The  factors  6^  and  6g  are  defined  as  the  mean-squared 
fractional  deviations  of  the  pump  and  probe  powers  within 
the  detection  bandwidth  centered  at  the  modulation  frequency 
(Ref  9:47) .  Direct  SRS  allows  the  unaffected  probe  beam 
to  be  detected,  as  well  as,  the  small  Raman  gain.  Hence, 
the  detector  is  able  to  see  the  intensity  fluctuations  of 
the  probe  beam.  The  variance  of  the  current  due  to  the 
probe  laser  fluctuations  is 


Var[current  due  to  probe  fluctuations]  =  6  (^p-  P  ) ^ 

s 

(63) 

The  fluctuations  of  the  pump  beam  do  not  enter  directly 
into  the  detector  since  the  pump  beam  is  spatially  separated 
from  the  probe  beam  before  detection.  However,  the  fluc¬ 
tuations  of  the  pump  beam  causes  the  Raman  field  to  fluc¬ 
tuate  due  to  the  dependence  of  the  Raman  gain  on  the 
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intensity  of  the  pump  field.  To  evaluate  the  noise  due  to 


this  fluctuation,  the  signal  S  (t)  is  defined  for  the 

srs 

AM  case  as 

Sgrgft)  ~  (I]_  cos  %t  +  I2  sin  tomt  +  I3(t)  )  (64a) 

so 

where  1^,  I2  and  1^(0  are  given  by  equations  (54b),  (54c) 
and  (54d)  ,  respectively.  S  g(t)  for  t^le  PM  case  is  de- 
fined  as 

S_  (t)  =  •=——  (I.  cos  cot  +  I~  sin  to  t  +  I,  cos  2o>  t 
srs  Ii  m  i  m  j  m 

so 

+  I4  sin  2comt  +  I5(t)  )  (64b) 


where  1^  through  Ig(t)  are  given  by  equations  (58b) 

through  (58f) ,  respectively.  To  take  account  of  the  fluc- 

2  2 

tuations  in  the  pump  and  probe  intensities,  I  and  I  _ 

po  so 

2  2 

are  replaced  by  I _ (1  +  5  )  and  I _ (1  +  <S  )  ,  respectively. 

po  p  so  s 

Thus,  the  square  of  the  Raman  gain  part  of  the  total  signal 
becomes 


so 
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which  expanded  is 


*lo  [Ssrs(t>]2  t!  +  Sp  *  {s  +  5p  5.1 


(65b) 


The  first  term  of  equation  (65b)  is  the  unfluctuating  part 
of  the  Raman  scattered  intensity.  The  second,  third  and 
fourth  terms  are  the  fluctuations  in  the  Reiman  intensity  due 
to  both  the  pump  and  probe  fluctuations.  In  most  cases, 
when  a  dye  laser  is  being  used  as  the  pump  source  and  a  gas 
laser  is  being  used  for  the  probe  source,  the  pump  beam 
fluctuations  are  much  greater  than  the  probe  beam  fluctua¬ 
tions  (Sp  >  6g).  Thus  equation  (65b)  reduces  to 


I2  [S  (t) ]2  +  I2  6  [S  (t) ]2 
so  L  srs  J  so  t>L  srs  J 


The  variance  of  the  signal  current  due  to  the  pump  beam 
fluctuations  becomes 


Var  [current  due  to  pump  fluctuations]  * 

Sp  PscS5rS(t>  >2  <67 

s 

Combining  all  the  noise  terms  of  equations  (62)  ,  (63) ,  (67) 
along  with  the  Johnson  and  dark  current  noise,  the  total 
variance  of  the  signal  current  is 
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Var  [current  due  to  all  noise  sources]  = 


2ejl  p  A«  +  1S3L 

-R57  so  Re££ 
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S  +  (I— ) 


so 


[*.»'«]• 


(68) 


The  first  term  in  equation  (68)  is  due  to  shot  noise.  The 
second  term  is  due  to  Johnson  noise  (Ref  20:284),  where  T 
is  the  effective  temperature  of  the  detection  load  and 
is  the  effective  load  resistance.  The  third  term  is  due  to 
the  detector  dark  current  where  i^  is  the  average  detector 
dark  current.  The  fourth  and  fifth  terms  are  due  to  the 
laser  fluctuations.  The  fifth  term  is  considered  negligible 
due  to  its  dependence  on  [S  (t) ]  which  is  typically  a 
very  small  quantity.  If  the  probe  laser  power  is  made  suf¬ 
ficiently  strong  such  that  „  .  .  fuos  r4kT  ,  _  . 

Pso>>  Z~2~  [R— 7  +  2eid] 

2e  n  eff 

then  the  Johnson  and  dark  current  noise  become  negligible 
compared  to  the  shot  noise.  This  condition  is  easily 
satisfied  for  normal  values  of  T  and  laser  powers  in  the 
milliwatt  range.  Thus,  the  variance  of  the  signal  reduces 
to 


2 

2e  n 
1uo_ 


so 


so 


(69) 
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To  form  the  signal-noise  ratio  the  signal  must  be  eval¬ 


uated.  The  intensity  of  the  detected  signal  has  already 
been  worked  out  in  equation  (54)  for  the  AM  case  and  equa¬ 
tion  (58)  for  the  PM  case.  The  average  electrical  signal 
is  given  by 


T  =  eA  (t)  *  h  (t) 
s 


(70) 


where  A(t)  is  the  rate  function  as  defined  in  equation 
(60)  and  h(t)  is  the  impulse  response  function  of  the 
detector.  If  the  detection  bandwidth  is  considered  con¬ 
stant  around  the  referenced  frequency  and  zero  at  d.c.  then 


T  - 

“  1ET 
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Xs  = 


so 


(t) 

srs 


(71) 


where  S„  (t)  is  that  part  of 
srs 


in  the  detection  bandwidth.  For 
referenced  at  the  frequency  o>. 

I 

S_ 


m 


I.  COS  0)  t 

'srs (t)  =  - - -  where  X1 


so 


Ssrs^  which  falls  with- 
example,  if  the  lock-in  is 
for  the  AM  case  then 
is  given  by  equation  (54b) . 


The  signal-noise  ratio  (SNR)  is  defined  as 

I 

_ s _ 

j, 

{Var [current  due  to  all  noise  sources]}^ 


SNR  = 


(72) 


Substituting  equation  (69)  and  (71)  into  equation  (72)  the 
SNR  for  direct  SRS  becomes 


SNR 


Ssrs(t> 


direct  SRS  -2fu o 

[  S 


TIP 


Av  +  <S 


so 


(73) 


As  P  „  is  increased,  the  shot  noise  term  in  the  denominator 
so 

decreases  but  the  term  6  due  to  laser  fluctuation  stays 

s 

constant.  Hence,  the  main  barrier  to  shot  noise  limited 
detection  is  the  noise  due  to  probe  laser  fluctuations  (Ref 
7  :193) .  Thus,  it  is  very  important  to  eliminate  as  much 
probe  laser  noise  as  possible.  It  has  been  observed  by 
Levine  and  Bethea  (Ref  21:86)  that  inserting  an  etalon  into 
the  probe  laser  cavity,  so  that  the  laser  is  operated  single¬ 
mode,  the  d.c.  intensity  of  the  beam  is  reduced  by  a  factor 
of  2,  whereas,  the  noise  is  reduced  an  order  of  magnitude. 
Another  noise  suppressing  device  that  is  available  on  many 
HeNe  lasers  is  an  RF  quieting  circuit  which  helps  to 
stabilize  the  plasma  in  the  discharge  tube  of  the  laser. 

The  amount  of  laser  noise  which  enters  the  system, 
given  by  6^  and  <5g,  is  determined  by  the  value  of  the  mod¬ 
ulation  frequency  and  the  bandwidth  of  detection 

system.  The  noise  power  spectral  density,  as  shown  in 
Figure  3  for  a  typical  laser,  is  used  to  determine  the 
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Noise  Power 


Figure  3:  Noise  power  spectral  density  for 
probe  laser. 


values  of  <5  and  <5  .  The  bandwidth  of  the  detection 
P  s 

system  is  shown  in  Figure  3  as  a  box  centered  at  wm  with 
a  width  of  Av.  The  amount  of  noise  power  that  enters  the 
system  is  represented  by  the  area  under  the  noise  power 
density  inside  the  box.  It  can  be  easily  seen  that  the 
noise  power  entering  the  system  is  described  by  either 
narrowing  the  bandwidth  (making  Av  smaller)  or  increasing 
the  modulation  frequency  (allowing  the  noise  power 

density  curve  to  drop) .  Hence,  it  is  important  to  choose 
a  high  enough  modulation  frequency  a  and  a  narrow  enough 
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bandwidth  so  that  6  or  6  is  sufficiently  small  to  allow 

s  p 

the  signal  to  be  easily  detected. 

When  AM  modulation  is  used  on  absorptive  samples  such 
as  silicon,  there  exists  a  synchronous  thermal  background 
noise,  discussed  in  the  introduction  to  this  chapter  due  to 
absorption  of  the  pump  beam,  which  contributes  to  the  var¬ 
iance  of  the  signal  current.  If  this  noise  is  assumed  to 
have  a  noise  spectral  density  of  height  Nq,  then  the  var¬ 
iance  of  the  signal  current  due  to  this  thermal  background 
noise  is 

Var [current  due  to  thermal  background]  =  NqAv  (74) 


The  SNR  for  direct  SRS  becomes 


SNR 


Ssrs(t> 


direct  SRS 


2fioj  A  v  ,  r  ,  s . 

r  s  +  5  +  N  Av  ( — s.)  _ 

—  s  o  en  P 


(75) 


so 


so 


The  thermal  background  noise  increases  with  increasing  pump 

2 


power  making  N  a  function  of  P 

o  po 


This  thermal  back¬ 


ground  noise  has  been  reported  by  Levine  et  al  (Ref  14:1427) 

4 

as  being  10  times  greater  in  amplitude  than  the  Raman 
signal,  making  the  third  term  in  the  denominator  of 
equation  (75)  the  dominant  term.  Hence,  phase  modulation 
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must  be  used,  in  which  case  the  thermal  background  noise 
terms  would  not  exist. 


RIKES  ( Raman- Induced  Kerr  Effect) 

Description.  RIKES  is  an  optical  configuration  which 
greatly  reduces  any  non-resonant  Raman  scattering  due  to 
electrons  (second  term  in  equation  (19)  )  and  reduces  the 
effect  of  probe  laser  fluctuations  which  was  found  to  be 
the  main  noise  contribution  for  direct  SRS.  The  polar¬ 
ization  configuration  used  for  the  RIKES  experiment  is 
shown  in  Figure  4.  The  pump  beam  is  linearly  polarized 
along  the  x  direction  and  the  probe  beam  is  linearly 
polarized  along  the  x-y  diagonal.  This  polarization  con¬ 
figuration  will  induce  birefringence  in  the  sample  which 
results  in  the  emission  of  a  Raman  signal  perpendicular  to 
the  initial  probe  beam  polarization.  This  field  passes 
through  the  analyzer  and  is  detected.  The  x  component  of 

the  Stokes  field  is  proportional  to  (3)  (3)  and 

xllll  x1112 

the  y  component  is  proportional  to  (3)  (3)  For 

x 2111  +  x2112  ' 

isotropic  media  (3)  „  .  (3)  are  both  zero. 

X1112  and  X2112 
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Figure  4:  RIKES  polarization  configuration. 

Signal  Analysis  -  Amplitude  Modulation  of  Pump  Beam 
(AM  Case) .  The  detected  Stokes  field,  which  is  derived  in 
Appendix  A,  is  given  by  (eq.  (A-12)  ) 

^  <SEsx  -  5V  <76) 


where 


6  E  =  E 

sx  so  n  x 

n 


£T  a  e:’a)st  +  j 

n  v  -> 


E  HT  6  e^s11 
so  n  x 


(76a) 


/I 
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(76b) 


<$E  =  E  AT  a  ejast  +  jE  AT  8 

sy  so  n  y  J  so  n 

yo 


✓7 


n  y 


and  ax,  are  given  by  equation  (32a)  with  tprs  (4>rs  - 

Im(x^})  replaced  by  for  a  and  for  a  . 

ITS  X  its  y 

Likewise,  8X  and  8  are  given  by  equation  (32b)  with 

<|>  (<f>  =  Re(x^3^}  )  replaced  by  4>^11  for  8  and 

rs  jl  s  rs  x 

2112 

for  8  •  The  intensity  of  the  detected  Stokes  field 
rrs  y  1 

is  given  by  substituting  equation  (76)  into  equation  (53) . 
This  yields  the  Stokes  intensity  in  Gaussian  units  as 


rs  (***'«  I  HIKES  =  Jo  +  T1  COS  +  T2  Sin  &>mt  + 

AM 


I,  cos  2&>  t  +  I.  sin  2cn-,t 
3  m  4  nr 


(77) 


where 


IQ  =  d.c.  terms 

288tt4u  4A2  .  _ 

x  s  -2  —  2e 

I,  =  — t — * -  lie  o 

1  c6k2  so  po 


(77a) 
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—  . 


If  com  is  small  compared  to  the  linewidth  of  x^» 

..  „  ,1111  ,1111  ,1111  ,1111  _  „1111  .  ...  . 

then  4*^  -  -  4^.^  =  4'.^  =  4<  ,  and  likewise 

,  ..  ..  .  -  ,2112  ,1111  .  ,2112 

for  all  the  components  of  4>  ,  4>  and  4>  .  Equa¬ 

tion  (77b)  reduces  to 


4  4  2 

288ttw  l*  2  _  .  .  .  .  ... 

T  S  _  _  -2c  r,  1111  ,^112. 

I  ~  — - — - lie  oLW'  -  4>  ) 

1  6^  2  so  po 


+  «J>lin  -  42112)2] 


(78) 


The  RIKES  intensity  at  o»m  (equation  (78)  )  is  seen 
to  be  proportional  to  the  square  of  the  difference  between 
the  x  and  y  components  of  4>  and  of  <J> .  The  form  of  1^ 
is  also  seen  to  be  Lorentzian.  Comparing  equation  (78) 
with  the  direct  SRS  intensity  given  by  equation  (54b)  shows 
that  the  RIKES  signal  is  considerably  weaker  due  to  its 
quadratic  dependence  on  ip  and  <J>  as  opposed  to  the  linear 
dependence  for  direct  SRS.  However,  a  signal-noise  analysis 
of  RIKES  will  demonstrate  whether  or  not  it  is  advantageous 
over  direct  SRS. 

The  phase  modulation  case  for  RIKES  will  not  be  dis¬ 
cussed  because  the  signal  levels  turn  out  to  be  very  weak. 

2  2 

Such  signals  would  be  proportional  to  (Sip)  and  (<$4>) 
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which  would  be  at  least  2  orders  of  magnitude  weaker  than 
the  AM  case. 

Signal-Noise  Analysis. 

SRIKES  (t)  is  defined  as 

I  (z=*,t) 

<5  ft)  =  _ 

Trikes'  ;  i 

so 

where  Is(z=H,t)  is  given  by  equation  (77).  This  allows 
the  rate  function  X(t)  to  be  written  as 


For  the  signal-noise  analysis 


(79) 


X(t)  = 


n 

l5a> 


Pso  SRIKES(t) 


(80) 


where  Pgo  is  the  power  of  the  probe  in  MKS  units  and 
S  v  c(t)  is  calculated  using  Gaussian  units.  The  average 
current  given  by  substitution  of  equation  (80)  into  equa¬ 
tion  (59)  gives  the  variance  of  the  signal  current  due  to 
shot  noise  as 


Var[current  due  to  shot  noise]  =  jr, — — (t)  Av 

TiOJ  __  SO  RIKtib 
S 

(81) 

The  other  contributions  to  the  noise  include  Johnson  noise, 
dark  current  noise  and  noise  due  to  laser  fluctuations. 

Since  the  main  portion  of  the  probe  beam  is  blocked  by  the 
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analyzer  the  only  contribution  to  the  noise  by  the  laser 

fluctuations  comes  about  through  the  dependence  of  the 

Raman  gain  on  the  intensities  of  both  the  pump  and  probe 

beam  intensities,  as  well  as,  light  leakage  of  the  probe 

beam  through  the  analyzer  which  adds  incoherently  to  the 

RIKES  signal.  This  leakage  is  caused  by  strains  in  the 

optics  or  sample  which  induce  birefringence  (Eef  9  :46) . 

The  fluctuations  in  the  Raman  gain  due  to  the  laser 

2  2 

fluctuations  are  analyzed  by  replacing  IgQ  and  I  by 
2  2 

I  (1  +  6  )  and  I _  (1  +  6) ,  respectively,  into  equa- 

so  s  po  p  ^  * 

tion  (77) .  The  square  of  the  RIKES  intensity  becomes 


I2(z=S,,t)  -  lJ0Ip04(1  +  S  )  (1  +  5  )2 

s  p 


Trikes  (t)  ^ 

po 


-  ^oCSrikes"^2!1  +  5S  +  26P  +  2Ss6p 


+  62  +  5  62  ] 
P  s  p  J 


(82) 


Neglecting  terms  of  order  5  ,  one  can  approximate  the 
variance  of  the  signal  current  due  to  laser  fluctuations  in 
the  Raman  gain  to  be  (assuming  <^p>l^s^ 


Var[current  due  to  laser  fluctuations]  =  2  (^— ) 2 

s 
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'  * 

A  - 


Tl 


pso  Trikes 


(83) 


To  determine  the  noise  due  to  the  leakage  of  the  probe 

beam  through  the  analyzer,  the  fraction  of  probe  power  which 

leaks  through  is  defined  as  e  .  The  variance  of  the  signal 

s 

current  due  to  this  leakage  becomes 


Var[current  due  to  probe  beam  leakage]  =  ( r— )  ^ 
2_  2 


P  e  6 
so  s  s 


(84) 


Combining  all  the  noise  terms  of  equations  (81),  (83), 
(84)  along  with  the  Johnson  and  dark  current  noise,  the 
total  variance  of  the  signal  current  is 

2  2 

Var [current  due  to  all  noise  sources  ]=«-^—2-P  S__l,__(t,)&v 

_  SO  I\X  J\£!jO 


+  «S  »v  ♦  2eid4v  ♦  2(g->  Pso  [sRIKES(t,]25] 


+  (|2-)2P  2e  2 5 
ticu  sc  s  s 
s 


(85) 


The  fourth  term  is  considered  negligible  here  due  to  its 
dependence  on  [SRIKES(t)  ]2  which  is  very  small. 
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The  detected  electrical  signal  is  given  by  equation 
(71)  with  s'STSlt )  replaced  by  S^^ft),  where  S^^tt) 

is  that  part  of  srjkes^  which  falls  within  the  detection 
bandwidth.  The  resultant  electrical  signal  is 


SRIKES 


(t) 


(86) 


Due  to  the  shot  noise  dependence  on  srikeS^'  it  muc^ 

more  difficult  using  RIKES  to  increase  P  in  order  to 

so 

make  the  Johnson  and  dark  current  noise  negligible.  In 
order  for  the  shot  noise  to  be  great  enough  to  allow  the 


Johnson  and  dark  current  noise  terms  to  become  negligible, 


for  typical  values  of  T,  Reffr  i^  and  cog,  the  probe  power 

P„  would  have  to  be  at  least  10^®  watts.  In  fact,  for 
so 


these  same  typical  values  and  assuming  a  probe  laser  power 


in  the  milliwatt  range,  the  shot  noise  and  the  dark  current 
noise  are  considered  negligible  to  the  Johnson  noise.  Hence, 
the  dominant  noise  terms  for  RIKES  is  due  to  Johnson  noise 
and  that  due  to  the  leakage  of  the  probe  beam  through  the 
analyzer. 

If  this  analysis  is  carried  further,  by  comparing  the 

two  noise  terms  left,  then  it  is  discovered  that  as  soon  as 

the  leakage  of  the  probe  beam  becomes  0.01%  or  greater 

-12 

(assuming  5g  =  10  )  then  the  Johnson  noise  becomes 

negligible.  It  is  unlikely  that  the  leakage  can  be  held 

to  that  low  a  figure,  which  means  that  the  main  barrier  to 

the  detection  of  the  RIKES  signal  is  due  to  the  probe  laser 

fluctuations  which  leak  through  the  analyzer. 

The  main  advantage  of  RIKES  is  that  it  suppresses  the 

amount  of  probe  fluctuations  which  enter  the  detector  by  a 

factor  of  £g  over  the  direct  SRS  case.  However,  due  to 

-12 

the  extremely  weak  RIKES  signal  ( - 10  PgQ)  in  conjunction 

with  typical  values  of  e  of  0.25%  or  greater,  the  SNR  of 

5 

RIKES  is  about  3  orders  of  magnitude  below  that  for  direct 
SRS.  This  really  puts  RIKES  at  a  disadvantage  compared  to 
direct  SRS.  Another  disadvantage  of  RIKES  is  that  it  does 
not  allow  the  real  and  imaginary  components  of  the  x  ^ 
to  be  separated,  thus  not  allowing  the  values  of  ip  and  <J> 
to  be  found. 
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Figure  5:  OHD  RIKES  polarization  configuration. 

PHD  RIKES  (Optical  Heterodyned  RIKES) 

Description.  The  polarization  configuration  for  OHD 
RIKES  is  very  similar  to  that  of  RIKES.  The  pump  beam  is 
linearly  polarized  along  the  x-axis  as  in  RIKES.  The 
probe  beam  is  linearly  polarized  a  small  angle  0  from  the 
x-y  diagonal.  The  signal  is  analyzed  along  the  perpen¬ 
dicular  to  the  x-y  diagonal  as  in  RIKES.  This  polarization 
configuration  is  shown  in  Figure  5. 
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This  polarization  configuration  allows  a  small  com¬ 
ponent  of  the  probe  field  to  pass  through  the  analyzer 
which  acts  as  a  local  oscillator  and  heterodynes  with  the 
Raman  induced  Kerr  signal.  The  component  that  passes 
through  the  analyzer  is  either  in-phase  or  in  quadrature  to 
the  Kerr  signal  allowing  either  the  real  or  imaginary  part 
of  x(3)  to  be  detected.  The  output  signal  will  be  shown 
to  be  directly  proportional  to  so  there  is  a  greater 

gain  in  signal  over  RIKES. 

Signal  Analysis  -  Amplitude  Modulation  of  Pump  Beam 
(AM  Case) .  The  detected  Stokes  field  which  is  derived  in 
Appendix  A  is  given  by  (Eq.  A- 20) 


E  (z=£,t)  =  E  T  Be 
s  so  o 


just  + 


/2 


[6 E  -  6E  ] 
L  sx  syJ 


(88) 


where  ^Esx  and  ^Esy  are  9;’-ven  approximately  by  equa¬ 
tions  (76a)  and  (76b),  respectively  and  9  is  the  angle 
between  the  x-y  diagonal  and  the  direction  of  polarization 
of  the  probe  beam.  The  intensity  of  the  detected  Stokes 
field  in  Gaussian  units  is  given  by  (see  Appendix  A  for 
details  of  calculation) 


I  (z=Jt,t)  OHD  =1+1,  cos  a)  t  +  I-  sm  a)  t  +  l,(t) 
s  * o  1  m  2  m  3 

AM 

(89) 
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where 


I  =  d.c.  terms 
o 


(89a) 


2  2 

24tt  o)  9j  »  oiio  oiio 

t  s  T  T  Q  -2e  r/l2112  ,  ,2112.. 

I,  =  — = -  I  I  Be  ol(iK  i,  +  ip  ,,  1 

1  c3k  so  po  YH~h  -hh  J 


,  . 1111  ,  . 1111,  i 


(89b) 


Io  = 


2  2 

24ir  w  2, 
s 

c3k 


_  _  Q  -2sor.,2112  ,2112, 

U\-h  -  *-hh  1 


.  ,,1111  ,inii  n 


(89c) 


2  2 

I^(t)=  higher  order  terms  proportional  to  ip  and  <p  . 

( 89d) 

The  in-phase  OHD  RIKES  intensity  at  (equation 

(89b)  )  is  seen  to  be  linearly  proportional  to  the  dif¬ 
ference  between  the  x  and  y  componer  ;s  of  ip .  The  quad¬ 
rature  component  at  (equation  (89c)  )  is  directly 

proportional  to  the  difference  of  <f>  separated  by  of 

the  same  directional  component  of  sp .  Comparing  the  inten¬ 
sity  terms  of  OHD  RIKES  in  equation  (89)  with  that  of  RIKES 
in  equation  (77)  shows  that  the  OHD  RIKES  signal  is  stronger 
due  to  its  linear  dependence  on  ip  and  <p  as  opposed  to  the 


56 


quadratic  dependence  for  RIKES.  In  addition,  the  OHD  RIKES 
technique  allows  the  real  and  imaginary  components  of 
to  be  detected  separately. 

Signal  Analysis  -  Phase  Modulation  of  Pump  Beam  (PM 
Case) .  Using  equation  (88)  for  the  detected  Stokes  field 
and  equation  (57)  for  the  phase  modulated  pump  beam,  the 
intensity  in  Gaussian  units  of  the  detected  Stokes  field 
is  (see  Appendix  B  for  details  of  calculation) 

I  (z-Z,t)  I  OHD  =  I  +1,  cos  gj  t+I„  sin  to  t+I0  cos  t 
s  '  ',  ol  m2  m3  m 

PM 

+  I4  sin  2o>mt  +  I5(t)  (90) 

where 


I  =  d.c.  terms 


(90a) 


I,  = 


2  2 

4  8tt  ojs  Jl  _  rr/.,llll  .,1111, 

~ 37 -  IsoIpo9  06  ^0-1  ^01  > 

C  K 


.  ,,2112  ,  2112.  -i 

+  (*01  -  *0-1 


(90b) 


2  2 

4  8tt  oj  Z 


X2  = 


s  _  _  q  -2e  . r ,.1111  . 1111  -.1111. 

-  o  6[(4>0_1  +*01  -2<f>ln  ) 


c3ks  ~SO~P° 


10 


(90c) 


If  .  a>m  is  small  compared  to  the  linewidth  of  the 
resonance,  then  1^  is  proportional  to  the  sum  of  the  first 
derivatives  of  the  x  and  y  components  of  tp .  I ^  becomes 
proportional  to  the  difference  of  the  second  derivatives  of 
the  x  and  y  components  of  $ .  Hence,  smaller 

than  1^.  I ^  and  1^  are  one  to  two  orders  of  magnitude 
weaker  than  1^  and  due  to  the  quadratic  dependence  on 

6.  Ic(t)  is  the  weakest  contribution  to  the  OHD  RIKES 
intensity  because  of  its  quadratic  dependence  on  both 


One  of  the  advantages  phase  modulation  offers  over  am¬ 
plitude  modulation  is  that  with  phase  modulation  very  weak 
Raman  signals  which  change  rapidly  during  the  spectral  scan 
can  be  more  easily  detected  due  to  the  first  and  second 
derivative  dependence  of  the  phase  modulated  Raman  inten¬ 
sities.  This  is  true  for  both  direct  SR S  and  OHD  RIKES 
using  phase  modulation. 

Signal-Noise  Analysis.  For  the  signal-noise  analysis 

of  OHD  RIKES,  S_„_ ( t )  is  defined  for  the  AM  case  as 
UhU 

SOHD(t)  =  r^(Il  COS  V1  +  J2  Sin  V1  +  T3(t)  >  (91a) 


where  Ilf 
and  (89d) , 


I2  and  I3(t)  are  given  by  equations  (89b),  (89c) 
respectively.  sohd^  for  the  PM 


case  as 


SriUr,(fc)  =  T^-s-d,  cos  <o  t  +  I.  sin  ait  +  I-  cos  2u  t 
OHD  I  o  1  m2  m3  m 

so 

+  i4  sin  2o>mt  +  I5(t)  )  (91b) 

where  1^  through  I,-(t)  are  given  by  equations  (90b) 
through  (90f) ,  respectively.  The  rate  function  for  OHD 
RIKES,  defined  in  equation  (60) ,  becomes 
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(92) 


X(t) 


n 

ho> 

s 


so 


<02  +  6SOHD(t)  1 


The  main  contributions  to  the  noise  for  OHD  RIKES  that 
are  considered  in  this  analysis  are  shot  noise,  Johnson 
noise,  dark  current  noise,  and  noise  due  to  laser  fluctua¬ 
tions.  The  variance  of  the  signal  current  due  to  shot 
noise  is,  after  substituting  I  =  eX(t)  and  equation  (92) 
into  2eT&v, 

2e2  2 

Var[current  due  to  shot  noise ]=„e-  -  P  O^Av  (93) 

Tito  SO 

S 

The  noise  due  to  laser  fluctuations  arise  from  three 
sources:  1)  fluctuations  in  the  probe  component  which  acts 
as  the  local  oscillator,  2)  fluctuations  in  the  Raman  gain 
due  to  pump  beam  fluctuations,  3)  probe  beam  leakage 
through  the  analyzer  due  to  strains  in  the  optics  and  sample. 
The  variance  of  the  signal  current  due  to  the  local  oscil¬ 
lator  probe  fluctuations  is  exactly  that  found  in  equation 

2 

(63)  for  the  direct  SRS  case,  except  with  pso®  replacing 
Pso-  Hence' 

Var[current  due  to  local  oscillator  fluctuations]  = 


(|H_  p  9 2)  2  5 
TOO  SO  S 

s 


(94) 
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The  variance  of  the  signal  current  due  to  the  Raman  gain's 

dependence  on  the  pump  beam  fluctuations  (here  assuming 

6  >>«_) 
p  s 

Var [current  due  to  pump  fluctuations]  =  £^77—  P__ 

_  SO 


6  SOHD(t)  >  6P 


This  term  can  be  discarded,  as  before,  due  to  its  dependence 
2 

on  [S_uri(t)]  which  is  very  small.  The  variance  of  the 
OHD 

signal  current  due  to  the  leakage  of  the  probe  beam  through 
the  analyzer  is  the  same  as  that  for  RIKES  (equation  (84)): 


,T3 


- 


Var  [current  due  to  probe  beam  leakage]  =  (^—-) 


_  2  2. 

P 

so  s  s 


Combining  all  the  noise  terms  of  equations  (84),  (93), 
and  (94)  along  with  the  Johnson  and  dark  current  noise,  the 
total  variance  of  the  signal  current  is 


Var[current  due  to  all  noise  sources]  = 


P  0  Av  + 
so 


+  Av+2ei.Av+(|^-)P  2046  +(|B-)2P  2e  2S 

R  , .  d  Tloj  so  s  iwJ  so  s  s 

ef  f  s  s 


The  average  signal  current  I  given  by  equation  (70) 
becomes,  after  substituting  equation  (92)  for  X (t) , 


P  0 
so 


W« 


(97) 


where  SQHD(t)  is  that  part  of  sqhd^  which  falls  within 
the  detection  bandwidth. 

The  SNR  for  OHD  RIKES  becomes,  after  substitution  of 
equations  (96)  and  (97)  into  equation  (72) 


SNR 


_ SOHD(t)  9 _  _ 

2f)M_  02Av  +  4kT  Av  "  ~  .^“s.2  Av 

RIKES  *  2e1^’  p— 2 

so  so  so 


+  e4(S  +  e2S  ]* 
s  s  s 


(98) 


For  the  experimentally  typical  values  of  T,  and  i^, 

the  Johnson  noise  term  (2nc^  term  in  denominator  of  equation 
(98)  )  is  approximately  4  orders  of  magnitude  greater  than 
the  dark  current  term  ( 3  term  in  denominator  of  equation 
(98)  ). 


For  small  values  of  0  (assuming  a  fixed  probe  power) , 


the  SNR|qhd  increases  linearly  with  0,  whereas,  for 
RIKES 
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Figure  6:  SNR| 
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In  most  cases  the  second  term  in  equation  (99)  is  larger 
than  the  first  term.  Hence,  the  value  of  0  which  max¬ 
imizes  the  SNR  |  is  that  which  causes  the  noise  due  to 

UnD 

RIKES 

leakage  of  the  probe  beam  to  be  equivalent  to  the  noise  due  to 


the  component  of  the  probe  beam  which  acts  as  the  local 

oscillator.  If  0  is  chosen  greater  than  Qmax  the 

dominant  noise  term  is  that  due  primarily  to  the  probe 

fluctuations  which  belong  to  the  probe  component  which  acts 

as  the  local  oscillator.  If  0  is  less  than  0max  the 

dominant  noise  term  is  that  due  to  the  leakage  of  the  probe 

beam  through  the  analyzer. 

Comparing  the  SNR|qhd  of  equation  (98)  with  the 

RIKES 

mi 

SNR I  direct  ec5uati°n  (73)  shows  that  if  6  g>>  s—  Av, 

SRS  n  so 

which  is  very  common  for  narrow  bandwidth  detection  systems 

and  most  low  power  lasers,  the  SNR|qhd  is  greater  than 

RIKES 

SNR[  direct  SRS  by  a  factor  of  -=  5- - -■  ■'  where  0max  is 

2/20max 

given  by  equation  (99) .  Hence,  OHD  RIKES  gives  rise  to  the 
highest  SNR  of  all  three  variational  techniques. 
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IV  Experimental  Apparatus 

Introduction 

The  experimental  SRS  system  is  shown  in  Figure  7  for  a 
liquid  and  Figure  8  for  a  solid  sample.  The  system  consists 
of  the  pump  and  probe  lasers,  optics,  and  the  detection 
electronics . 

The  pump  beam  emanates  from  a  vertically  polarized 
tunable  dye  laser  which  is  excited  by  an  argon  ion  laser. 

The  pump  beam  passes  through  a  modulator  which  either  am¬ 
plitude  or  phase  modulates  the  beam.  The  modulated  pump 
beam  then  passes  through  a  cutoff  filter  (F  1)  which  pre¬ 
vents  that  portion  of  the  dye  power,  existing  at  and  below 
the  probe  frequency,  from  entering  the  system.  This 
alleviates  a  potential  noise  source  due  to  the  pump  beam's 
intensity  fluctuations  which  may  exist  at  the  probe  wave¬ 
length.  The  pump  beam  then  hits  a  beam  splitter  (BS  1) 
where  it  is  allowed  to  combine  col]inearly  with  the  probe 
beam. 

The  probe  beam  emanates  vertically  polarized  from  a 
HeNe  gas  laser.  For  direct  SRS,  the  polarization  of  the 
HeNe  laser  is  kept  vertical,  whereas,  for  RIKES  the  polar¬ 
ization  must  be  45°  from  the  vertical  and  for  OHD  RIKES  it 
must  be  an  angle  45°+0  from  the  vertical  (see  Figures  4  and 
5) .  A  half-wave  plate  (PI)  is  used  to  rotate  the 
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vertically  polarized  probe  beam.  A  polarizer  (P  2)  cleans 
up  the  polarization  of  the  probe  beam  before  combining  with 
the  pump  beam  at  the  beam  splitter  BS  1. 

With  the  pump  and  probe  beams  aligned  collinearly  at 
the  beamsplitter  BS  1,  one  arm  of  the  combined  beams  is 
focussed  into  the  sample  by  a  lens  (L  1)  .  For  the  liquid 
benzene  sample,  the  two  beams  pass  through  the  sample  and 
are  recollimated  by  the  lens  L  2  as  shown  in  Figure  7.  For 
the  solid  silicon  sample,  the  two  beams  reflect  off  the 
sample  and  are  recollimated  by  the  lens  L  2,  as  shown  in 
Figure  8.  After  the  beams  have  been  recollimated,  they 
pass  through  an  analyzer  (P  3)  which  picks  off  the  com¬ 
ponent  of  the  Stokes  field  to  be  detected.  For  direct  SRS , 
the  analyzer  is  rotated  such  that  it  passes  the  vertical 
component,  whereas,  for  both  RIKES  and  OHD  RIKES  the 
analyzer  is  rotated  so  that  the  component  45°  from  the 
pump  beam  polarization  is  detected  (see  Figures  4  and  5) . 
After  passing  through  the  polarizer  P  3,  the  beams  hit 
another  beamsplitter  (BS  2)  and  then  a  ruled  reflection 
grating.  The  grating  spatially  separates  the  pump  and 
probe  beams.  The  probe  beam  continues,  passing  through  a 
slit  which  isolates  the  probe  beam  and  stops  the  pump  beam. 
A  lens  (L  3)  focuses  the  probe  beam  onto  the  signal  de- 

O 

tector  D  1.  A  narrow  band  pass  filter  (F  2)  of  80A 
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bandwidth  centered  at  6328A  (the  probe  wavelength)  is  used 
to  prevent  stray  background  light,  particularly  that  of  the 
pump  beam,  from  entering  the  detector. 

The  other  arm  of  the  combined  pump  and  probe  beams, 
beginning  at  the  beamsplitter  BS  1,  is  used  to  both  monitor 
the  wavelength  of  the  pump  beam  and  to  suppress  probe  laser 
intensity  fluctuations  in  the  detected  signal.  The  pump  and 
probe  beams  reflect  off  a  prism  (Pr  1)  to  a  polarizer  (P  4) 
rotated  such  that  part  of  the  probe  and  pump  power  is  re¬ 
flected  to  the  slit  of  the  monochromator  and  part  of  it  is 
transmitted  through.  The  monochromator  is  used  to  monitor 
the  wavelength  of  the  pump  beam.  The  pump  and  probe  power, 
which  is  transmitted  through  the  polarizer,  is  filtered  by 
a  narrow  bandpass  filter  (F  4)  equivalent  to  the  filter 
F  2  so  that  only  the  probe  beam  is  allowed  to  hit  the  de¬ 
tector  D  2.  The  d.c.  level  of  the  detected  probe  beam  at 
detector  D  2  is  matched  to  the  d.c.  level  of  the  probe 
beam  at  detector  D  1  by  the  neutral  density  filter  F  3  and 
the  polarizer  P  4.  By  rotating  the  polarizer  P  4  the  d.c. 
level  of  the  detected  probe  beam  at  detector  D  2  may  be 
continuously  changed.  The  two  signals  from  the  detectors 
D  1  and  D  2  are  plugged  into  the  differential  mode  of  the 
lock-in  amplifier.  The  lock-in  subtracts  the  two  signals 
before  demodulation  which  effectively  subtracts  out  much 


of  the  noise. 


The  dye  laser  is  scanned  very  slowly  until  the  fre¬ 
quency  difference  between  it  and  probe  laser  match  a 
vibrational  mode  of  the  sample.  When  this  occurs,  an  in¬ 
duced  Stokes  field  is  created  which  gives  rise  to  a  modu¬ 
lated  gain  in  the  probe  beam.  This  gain  is  synchronously 
detected  by  the  lock-in  amplifier  and  recorded  by  a  chart 
recorder. 

Laser 

Ar+  Laser.  The  dye  laser  was  pumped  utilizing  a 
Spectra-Physics  Model  165  Argon  Ion  Laser  capable  of  de¬ 
livering  a  maximum  of  5  watts  of  power,  however,  no  more 

than  3  watts  were  ever  used.  This  laser  was  used  in  the 

0  0 

broadband  mode  allowing  the  lines  between  4579A  and  514 5A 
pump  the  dye  laser.  High  stability  in  output  power  was 
achieved  by  operating  the  laser  in  the  "light  control  mode" 
which  allowed  only  a  +0.5%  fluctuation  in  output  power. 

Pump  Laser.  A  Spectra-Physics  Model  370  Tunable  Dye 
Laser  with  the  Spectra-Physics  Model  371  Dye  Circulator  was 
used  as  the  pump  source.  The  dye  utilized  in  this  system 
was  Rhodamine  6G  which  allowed  continuous  tuning  from 
540  nm  to  630  nm.  The  linewidth  of  this  laser  is  given  as 

O 

0.25A.  The  required  wavelength  for  Raman  resonance  in 
benzene  is  595.4  nm.  At  this  wavelength  the  output  power 
of  the  dye  laser  was  found  to  be  300  ir,W  with  an  input  power 
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of  3  watts  from  the  Ar+  laser.  Normally,  only  1  watt  of 
input  power  is  all  the  dye  laser  is  able  to  take  without 
burning  the  dye  cell  windows.  However,  this  laser  has  the 
capability  of  receiving  greater  input  power  by  a  readjustment 
of  the  position  of  the  input  lens.  It  was  found  that  this 
dye  laser  could  accommodate  up  to  3  watts  of  input  power 
before  the  dye  cell  windows  began  to  burn. 

The  required  wavelength  of  the  dye  laser  to  induce 
Raman  resonance  in  silicon  was  612.6  nm.  At  this  wave¬ 
length,  the  maximum  output  power  of  the  dye  laser  was  found 
to  be  95  mW  with  an  input  pump  power  of  3  watts  from  the 
Ar+  laser. 

The  dye  laser  was  automatically  scanned  in  wavelength 
using  a  small  electric  motor  which  rotated  the  wavelength 

O 

selection  dial  at  a  rate  of  1  A/min . 

Probe  Laser.  A  Spectra-Phys ics  Model  125A  Helium- 
Neon  Gas  Laser,  capable  of  delivering  a  maximum  of  50  ir.W 
of  output  power,  was  utilized  as  the  probe  source.  The 
Spectra- Physics  Model  261  RF/DC  Exciter  was  used  to  supply 
the  energy  to  the  laser  plasma  tube.  This  laser  comes  with 
a  removable  intracavity  etalon  which  allowed  single-mode 
operation  with  the  etalon  in  the  cavity  or  multi-mode 
operation  with  the  etalon  removed.  The  maximum  power 
measured  in  the  multi-mode  configuration  was  50  rr.W,  whereas, 
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the  maximum  power  measured  in  the  single-mode  configuration 
was  10  mW.  This  laser  also  has  an  optional  RF  power  supply 
which  is  designed  to  reduce  laser  output  noise  by  quenching 
noise  in  the  plasma.  This  unit,  however,  was  under  repair 
throughout  the  experimental  phase  of  this  thesis.  The  peak 
to  peak  stability  of  this  laser  is  reported  to  be  less  than 
1%. 

Optical  System 

Optical  Modulators.  A  mechanical  chopper  capable  of 
intensity  modulating  the  pump  beam  as  a  square  wave  at 
1  KHz  was  utilized  as  the  amplitude  modulator.  The  pump 
beam  was  focussed  in  the  plane  of  the  chopper  blades  and 
then  recollimated  by  two  lenses  of  101.6  cm  focal  length 
(L  5  and  L  6  in  Figure  7) .  A  1  KHz  reference  square  wave 
was  available  from  the  small  power  package  which  powered 
the  chopper. 

To  phase  modulate  the  pump  beam  an  Isomet  Corporation 
Model  TFM-503  transverse  electro-optic  modulator  utilizing 
KD*P  as  the  crystal  was  used.  This  E/0  modulator  was 
driven  by  a  sinusoidal  signal  from  a  Wavetek  Model  III 
Signal  Generator.  This  modulator  had  to  be  oriented  and 
supported  so  that  the  vertically  polarized  pump  beam  was 
parallel  to  one  of  the  induced  birefringent  axes  of  the 
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crystal.  This  required  building  a  stand  which  supported 
the  modulator  in  this  configuration. 

Lenses,  Beamsplitters,  Filters  and  Grating.  All  the 
lenses  (L  1  through  L  4  in  Figures  7  and  8)  were  positive 
with  a  focal  length  of  10  cm.  The  two  beamsplitters  (BS  1 
and  BS  2)  reflected  75%  of  the  dye  power  and  70%  of  the 
HeNe  power.  This  allowed  15  mW  of  probe  power  (operated 

O 

multi-mode)  and  225  mW  of  pump  power  (operating  at  5954A) 
to  enter  the  sample  cell.  The  narrow  bandpass  filters  (F  2 

O 

and  F4)  had  maximum  transmission  at  6328A  with  a  trans- 

O 

mission  bandwidth  of  80A.  A  Jarrell-Ash  reflection  grating 
of  295  grooves/mm  was  used  to  spatially  separate  the  pump 
and  probe  beams  before  detection. 

Monochromator  and  Sample  Cells.  A  Jarrell-Ash  1/4 
meter  monochromator  was  used  to  monitor  the  pump  beam  wave¬ 
length  as  it  was  scanned. 

The  sample  cell  used  to  hold  the  liquid  benzene  was  a 
rectangular  glass  container  with  cptical  windows  on  either 
end  which  allowed  the  laser  beams  to  pass  through  with 
little  distortion.  This  cell  was  filled  with  liquid  ben¬ 
zene  and  capped  to  prevent  evaporation. 

The  sample  cell  used  to  hold  the  silicon  sample  was 
an  NRC  Model  MM-2A  optical  holder.  A  1cm  x  1cm  piece  of 
silicon  was  glued  to  a  piece  of  aluminum  sheeting  which 
was  then  mounted  in  the  optical  holder. 


.  > 
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Detection  System 

Two  EG&G  SGD-100A  PIN  photodiodes  were  used  for  the 
detectors  D  1  and  D  2.  The  bandwidth  of  this  photodiode 
is  45  MHz.  The  dark  current  is  rated  at  <10  nanoamps. 

The  signals  from  these  two  detectors  were  fed  into  an 
Ithaco  Model  353  Phase-Lock  Amplifier  operated  in  the  dif¬ 
ferential  mode.  This  lock-in  amplifier  was  referenced  at 
the  modulation  frequency  by  the  mechanical  chopper  power 
supply  when  the  chopper  was  used,  or  by  the  Wavetek  Signal 
Generator  when  the  E/O  modulator  was  used.  The  lock-in 
amplifier  was  utilized  at  the  1  y  Volt  sensitivity  setting 
which  gave  a  total  gain  of  10,000.  The  time  constant  was 
set  at  10  seconds  for  all  the  spectral  runs,  which  is  an 
equivalent  noise  bandwidth  of  -0.01  Hz.  The  demodulated 
signal  was  fed  to  an  Omegaline  Chart  Recorder  set  at 
0.4"/min  scan  speed.  The  oscilloscope  used  in  the  optical 
alignment  procedure  was  a  Ballantine  1066S  oscilloscope. 
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V  Experimental  Procedure  and  Results 
Introduction 

The  experimental  procedure  for  the  three  variational 
SRS  techniques  (direct  SRS,  RIKES,  OHD  RIKES)  will  be  dis¬ 
cussed  in  this  chapter,  as  well  as,  the  experimental  results 
of  these  techniques. 

Direct  SRS,  RIKES,  and  OHD  RIKES  were  all  attempted 
on  the  liquid  benzene  sample  using  both  amplitude  and  phase 
modulation.  The  three  techniques  proved  unsuccessful  in 
obtaining  the  sought-after  Raman  mode  at  992  cm  ^ .  Direct 
SRS,  using  both  amplitude  and  phase  modulation,  was  tried 
on  the  silicon  sample.  Again,  this  proved  unsuccessful  in 
obtaining  the  Raman  mode  at  520  cm  ^ .  However,  the  thermal 
background  noise  reviewed  in  Chapter  III,  was  observed 
using  an  amplitude  modulated  pump  source.  These  results 
will  be  discussed  in  light  of  the  signal-noise  analysis  of 
Chapter  III. 

Experimental  Procedure 

The  procedure  for  setting  up  the  experimental  SRS  sys¬ 
tem  is  basically  the  same  for  both  the  liquid  benzene 
sample  and  the  solid  silicon  sample.  The  only  difference 
lies  in  the  placement  of  the  optics  and  detectors.  The 
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procedure  for  the  alignment  of  the  optics  will  be  discussed 
first.  The  procedures  for  performing  direct  SR S,  RIKES  and 
OHD  RIKES  will  follow.  This  entire  discussion  will  be  in 


reference  to  Figures  7  and  8. 

Optical  Alignment.  After  all  the  optical  components 
were  set  in  their  proper  positions,  as  shown  in  Figures  7 
and  8,  the  task  that  followed  was  to  align  these  components. 
The  HeNe  probe  laser  was  turned  on  first  and  allowed  to 
warm  up  for  approximately  one  hour.  This  gave  the  laser 
sufficient  time  to  stabilize.  This  was  followed  by  turning 
on  the  Ar+  laser  (as  instructed  in  the  manual  for  the  Ar+ 
laser)  to  power  level  of  2  Watts  which  was  sufficient  to 
cause  the  dye  laser  to  begin  lasing.  (It  is  assumed  here 
that  the  dye  laser  has  already  been  properly  aligned  with 
the  Ar  laser) 

For  the  AM  case,  the  first  task  was  to  align  the  mech¬ 
anical  chopper.  Lens  L  5  was  positioned  so  that  it  focus¬ 
sed  the  dye  beam  directly  onto  the  slit  of  the  chopper 
(where  the  blades  come  together) .  Lens  L  6  was  positioned 
behind  the  chopper  such  that  it  recollimated  the  diverged 
beam  from  lens  L  5.  One  of  the  detectors  was  then  placed 
behind  lens  L  6  (with  the  filter  F  1  temporarily  removed) 
to  intercept  the  dye  laser  beam.  The  signal  from  this  de¬ 
tector  was  fed  directly  into  the  oscilloscope.  The  chopper 
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was  turned  on  and  incrementally  moved  back  and  forth  in  a 
lateral  direction  to  the  dye  beam  until  a  fully  modulated 
square  wave  was  displayed  on  the  oscilloscope.  This  guar¬ 
anteed  the  proper  positioning  of  the  chopper.  At  this  time' 
it  was  convenient  to  adjust  the  phase  on  the  lock-in  am¬ 
plifier  for  maximum  d.c.  output  signal.  This  was  done  by 
connecting  the  modulated  signal  of  the  dye  laser  to  the  "A" 
input  of  the  lock-in  amplifier.  The  reference  signal  from 
the  chopper  power  supply  was  connected  to  the  reference  in¬ 
put  of  the  lock-in  amplifier.  With  the  lock-in  amplifier 
turned  on  and  a  sensitivity  of  1  mV  selected,  the  phase 
control  knob  was  adjusted  for  maximum  deflection  of  the  out¬ 
put  voltmeter.  This  insured  proper  phase  matching  of  the 
input  signal  to  the  reference  signal. 

For  the  PM  case,  the  E/0  modulator  was  placed  so  that 
the  dye  laser  beam  passed  clearly  through  the  modulator . 

With  the  modulator  turned  on,  the  detector  could  not  "see" 
any  a.c.  signal  because  the  intensity  of  the  pump  beam  does 
not  fluctuate  while  being  phase  modulated.  In  order  to 
adjust  the  phase  on  the  lock-in  amplifier  a  signal  from  the 
Wavetek  signal  generator  was  plugged  into  both  the  "A"  in¬ 
put  of  the  lock-in  amplifier  and  the  reference  input.  The 
phase  was  adiusted  until  there  was  a  maximum  deflection  of 
the  output  voltage  meter.  The  next  step  was  to  set  the 
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modulator  driving  voltage  from  the  Wavetek  to  insure  that 
6  <<  1.  The  voltage  was  set  at  0.5  Volt  utilizing  equation 
(53)  . 

After  the  modulator  was  properly  aligned  and  the  phase' 
properly  adjusted  on  the  lock-in  amplifier,  the  next  task 
was  to  align  the  HeNe  and  dye  laser  beams  so  they  travelled 
collinearly  to  the  sample.  Mirror  M  1  was  adjusted  so  that 
the  HeNe  beam  fell  on  top  of  the  dye  laser  beam  at  the  beam¬ 
splitter  BS  1.  The  sample  cell  was  removed  from  its  posi¬ 
tion  and  replaced  by  a  20  ym  pinhole.  This  pinhole  was 
aligned  so  that  the  HeNe  beam  passed  directly  through  it 
which  produced  a  Fresnel  diffraction  pattern  immediately 
behind  it.  Next,  the  beamsplitter  BS  1  was  rotated  along  a 
vertical  and  horizontal  axis  until  the  dye  beam  passed 
through  the  pinhole  producing  a  Fresnel  diffraction  pattern 
which  overlapped  the  HeNe  pattern.  This  insured  that  the 
HeNe  and  dye  laser  beams  were  overlapping  at  the  pinhole. 

A  further  check  of  the  collinearitv  of  the  two  beams  was 
done  by  allowing  the  beams  to  propagate  to  a  nearby  wall. 

If  the  beams  overlapped  at  the  wall  the  alignment  was  satis¬ 
factory,  however,  if  they  diverged  from  each  other  the  whole 
process  had  to  be  repeated. 

After  the  two  laser  beams  were  satisfactorily  aligned 
by  the  above  method,  the  sample  cell  was  replaced  in  a 


position  such  that  the  beams  properly  focussed  in  the  sample 
This  was  followed  by  positioning  lens  L  2  such  that  the 
beams  became  recollimated.  The  beams  then  proceeded  to  the 
reflection  grating.  The  grating  was  positioned  to  allow  the 
third  diffraction  order  of  the  probe  beam  to  pass  through 
the  slit  which  subsequently  was  focussed  by  the  lens  L  3 
onto  the  detector  D  1.  Detector  D  1  was  then  connected  to 
the  "A"  input  of  the  lock-in  amplifier. 

The  background  detector  D  2  was  aligned  to  intercept 
the  probe  beam.  This  detector  was  connected  to  the  "B" 
input  of  the  lock-in  amplifier  which  was  subsequently  set 
to  the  "A-B"  differential  mode.  The  amplified  signal,  that 
the  lock-in  amplifier  was  receiving,  was  monitored  by  con¬ 
necting  the  output  from  the  amplifier  section  of  the  lock- 
in  (before  demodulation)  to  the  oscilloscope.  The  polar¬ 
izer  P  4  was  rotated  until  the  d.c.  level  of  detector  D  2 
matched  the  d.c.  level  of  D  1.  When  this  occurred,  the 
difference  in  the  two  signals  greatly  reduced  the  effective 
noise  of  the  HeNe  laser,  which  could  be  seen  on  the  oscil¬ 
loscope  . 

The  monochromator  was  positioned  so  that  the  reflection 
of  the  beams  off  the  polarizer  P  4  entered  the  monochromator 
The  wavelength  of  the  pump  beam  was  read  directly  off  the 
wavelength  scale  on  the  monochromator.  This  scale  had  been 
previously  calibrated  using  a  mercury  lamp. 
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Direct  SRS  Polarization  Alignment.  To  perform  direct 
SRS  the  pump  and  probe  beams  had  to  be  polarized  in  the 
same  direction.  Since  the  two  lasers  were  both  already 
polarized  vertically  there  was  no  need  for  the  half-wave 
plate  P  1.  Polarizer  P  2  was  adjusted  so  that  it  passed  a 
minimum  amount  of  the  probe  beam.  It  was  then  rotated 
90  degrees  to  allow  full  passage.  This  insured  that  a 
clean  polarized  probe  beam  entered  the  sample.  Polarizer 
P  3  was  not  needed  for  this  technique,  so  it  was  removed. 

RIKES  Polarization  Alignment.  In  performing  RIKES  it 
was  very  important  to  insure  that  the  pump  and  probe  beams 
were  polarized  exactly  45  degrees  from  each  other  when 
entering  the  sample,  and  that  the  signal  was  analyzed  in  a 
direction  90  degrees  from  the  polarization  of  the  probe 
beam.  The  half-wave  plate  P  1  was  adjusted  so  that  the 
polarized  beam  from  the  probe  laser  was  rotated  45  degrees 
from  the  vertical.  The  probe  beam  was  then  allowed  to  pro¬ 
pagate  to  the  beamsplitter  BS  1.  As  the  beam  passed  through 
BS  1  it  experienced  a  slight  rotation  in  the  direction  of 
polarization  due  to  the  induced  birefringence  caused  by 
strain  in  the  beamsplitter.  Not  only  did  the  direction  of 
polarization  change,  but  also  the  beam  experienced  a  slight 
phase  retardation  in  one  of  the  quadrature  components  which 
left  the  beam  no  longer  linearly  polarized  but  actually 
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elliptically  polarized.  The  rotation  of  the  polarized  beam 
was  corrected  for  by  rotating  the  half-wave  plate  so  that 
the  pump  and  probe  beams  remained  polarized  45  degrees  from 
each  other  as  they  entered  the  sample.  Polarizer  P  2  was 
adjusted,  as  before  in  the  direct  SRS  case,  to  clean  up  the 
polarization  of  the  probe  beam.  Polarizer  P  3  was  adjusted 
so  that  it  nulled  out  as  much  of  the  probe  beam  as  possible. 
However,  due  to  the  slight  ellipticity  of  the  probe  beam, 
a  small  component  was  able  to  "leak"  through.  This  leakage 
allowed  laser  intensity  fluctuations  into  the  detection 
system  which  contributed  to  the  noise. 

PHD  RIKES  Polarization  Alignment.  In  this  technique, 
the  same  procedure  as  outlined  in  the  previous  paragraph 
for  RIKES  was  followed.  After  completing  the  above  proce¬ 
dure,  the  half-wave  plate  P  1  was  rotated  by  the  small 
angle  0  to  allow  the  local  oscillator  component  of  the 
probe  beam  to  pass  through  the  analyzer  P  3  and  heterodyne 
with  the  RIKES  signal.  The  angle  9  was  typically  varied 
from  1  to  5  degrees. 

After  the  polarization  of  the  pump  and  probe  beams 
were  properly  aligned  for  the  technique  being  used,  the 
following  procedure  was  performed.  The  output  power  of 
Ar+  laser  was  turned  up  to  3  Watts.  The  sensitivity  on  the 
lock-in  amplifier  was  set  at  1  yV  which  provided  a  total 
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gain  of  10,000.  The  time  constant  was  set  at  10  seconds. 
The  lock-in  amplifier  was  now  ready  to  detect  the  in-phase 
signal  component.  -f  the  quadrature  component  was  to  be 
detected,  the  phase  was  offset  90  degrees  from  the  in-phase 
setting.  When  liquid  benzene  was  being  analyzed,  the  dye 

O 

laser  wavelength  was  set  at  5970A  and  allowed  to  scan 

O 

through  the  Raman  resonance  at  5954A  and  stopped  around 

O 

5940A.  The  chart  recorder  was  turned  on  at  the  beginning 
of  the  scan  at  a  setting  of  0.4 "/min.  This  scan  took  ap¬ 
proximately  30  minutes.  When  silicon  was  being  analyzed, 

O 

the  dye  laser  was  set  at  6135A  and  allowed  to  scan  through 

O  O 

Raman  resonance  at  6126A  and  stopped  around  6110A.  This 
scan  took  about  25  minutes.  Scans  of  both  benzene  and 
silicon  were  tried  using  amplitude  and  phase  modulation. 

The  scans  utilizing  phase  modulation  were  done  on  both 
samples  with  modulation  frequencies  of  1  KHz,  10  KHz, 
up  through  50  KHz  in  10  KHz  steps. 

Results 

Results  of  Spectral  Runs.  All  three  variational  tech¬ 
niques  of  SRS  (direct  SRS,  RIKES ,  OHD  RIKES)  with  the  probe 
HeNe  laser  operating  both  multi-mode  and  single-mode  proved 
unsuccessful  in  recording  the  Raman  resonance  at  992  cm  ^ 
for  the  liquid  benzene  sample  utilizing  both  amplitude  and 
phase  modulation  schemes.  Likewise,  the  direct  SRS 
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technique  was  unsuccessful  with  the  silicon  sample  for  both 
amplitude  and  phase  modulation  schemes.  However,  the 
thermal  background  noise  was  observed  when  utilizing  an 
amplitude  modulated  pump  beam.  With  a  pump  beam  power  of 
70  mW  and  a  probe  beam  power  of  15  mW  hitting  the  silicon 
sample,  a  d.c.  signal  of  0.25  pVolt,  due  to  the  synchronous 
detection  of  the  thermal  background  noise,  was  easily 
recorded.  This  signal  swamped  out  the  Raman  resonance 
signal  at  520  cm 

Discussion  of  Results.  The  lack  of  ability  of  the 
experimental  SRS  system  to  record  the  Raman  resonance  in 
benzene  stimulated  the  need  to  understand  why  the  system 
was  not  working.  The  signal-noice  ratios  derived  in  Chapter 
III  could  be  utilized  to  provide  a  clue  as  to  why  the  sen¬ 
sitivity  of  the  system  was  not  enough  to  see  the  Raman 
resonance,  as  well  as,  indicate  what  improvements  could  be 
made  to  the  system  to  increase  its  sensitivity. 

The  first  task  was  to  find  out  the  numerical  values 
of  the  variables  of  the  experimental  system  needed  to  cal¬ 
culate  the  signal-noise  ratios  of  equations  (69),  (80)  and 
(91)  for  direct  SRS,  RIKES  and  OHD  RIKES ,  respectively. 

The  values  for  all  these  variables,  except  and  are 

tabulated  below: 

T  =  300  °K 
Ref f  =  103^ 
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-  ..15  -1 

4)  =  3  x  10  sec 

s 

Av  =  0.01  Hz  (Av  =  -g-T;  t  =  10  sec.) 

-9 

i,  =  10  amp 
d  3 

4>  =  15.9  x  10“14  22_  (Ref  12:153) 

Y  erg 

I  =  7.2  x  10^  er|2 —  (225  mW  focussed  to  a  beam  dia.  of 
"  cm  sec  0.02  cm) 

kg  =  99292  rad/cm 

£  =0 
o 

P  =  15  mW 
so 

6  =  0.1 


To  obtain  a  value  for  the  light  leakage,  parameter  e  , 
the  following  procedure  was  carried  out.  The  probe  HeNe 
laser  beam's  power  was  first  measured  directly  from  the 
laser  using  a  Scientech  362  power  meter.  This  was  followed 
by  measuring  the  probe  beam  power  after  passing  through  a 
polarizer  rotated  so  that  it  nulled  out  as  much  of  the  beam 
as  possible.  It  was  found  that  approximately  0.25%  of  the 
probe  beam  was  able  to  leak  through  the  polarizer.  This 
gave  a  value  for  of  2.5  x  10 

In  order  to  find  for  the  experimental  system  (6 

is  the  mean-squared  fractional  deviation  of  the  intensity 
of  the  HeNe  beam)  it  was  necessary  to  examine  the  noise 
power  spectral  density  of  the  HeNe  laser.  This  was  ac¬ 
complished  using  a  spectrum  analyzer  which  was  able  to 
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provide  a  display  of  the  noise  spectrum.  The  experimental 
arrangement  for  recording  the  noise  spectrum  is  shown  in 
Figure  9 . 

The  HeNe  beam  was  detected  with  one  of  the  photodiode 
detectors  used  in  the  original  experimental  SRS  setup.  The 
signal  from  the  detector  was  amplified  by  a  factor  of  100 
using  a  Keithley  Model  104  Wideband  Amplifier.  The  ampli¬ 
fied  signal  was  fed  into  the  input  of  a  Hewlett-Packard 
8556A  Low  Frequency  plug-in  module  capable  of  receiving 
signals  between  20  Hz  and  300  KHz.  This  plug-in  module  was 
connected  to  a  Hewlett-Packard  8552A  IF  unit  and  a  Hewlett- 
Packard  141T  Spectrum  Analyzer  Display.  The  vertical  axis 
of  the  display  was  calibrated  to  show  the  la^er  power  per 
unit  frequency  on  a  log  scale,  and  the  horizontal  axis  was 
calibrated  in  units  of  frequency  on  a  linear  scale.  The 
noise  spectrum  of  the  HeNe  beam  operating  both  multi-mode 
and  single-mode  is  shown  in  Figure  10.  These  noise  spectra 
are  very  similar  to  those  obtained  by  Cole  for  HeNe  gas 
lasers  (Ref  22:1023). 

The  peak  of  the  noise  curves  shown  in  Figure  10  cor¬ 
respond  to  very  low  frequencies  close  to  d.c.  (the  actual 
d.c.  power  level  is  filtered  out  by  the  analyzer  and  thus 
does  not  show  up  on  the  display) .  Each  horizontal  division 
is  20  KHz.  Hence,  the  noise  spectrum  in  these  photographs 


Figure  9:  Experimental  Arrangement  for  Re¬ 
cording  Noise  Spectrum  of  HeNe  Laser. 

run  from  d.c.  to  160  KHz.  The  amplitude  modulation  fre¬ 
quency  of  1  KHz  is  very  close  to  the  peak  of  the  spectral 
curve.  In  order  to  get  a  number  for  5  at  1  KHz,  the 

height  of  the  spectral  curve  at  1  KHz  had  to  be  known  with 
respect  to  the  d.c.  signal  level  of  the  HeNe  beam.  The  d.c 
signal  level  was  measured  with  an  oscilloscope  to  be  0.5 
volt.  A  sinusoidal  reference  signal  of  0.5  volt  amplitude 
from  the  Wavetek  signal  generator  was  plugged  into  the 
input  of  the  spectrum  analyzer.  The  sensitivity  knobs  on 
the  analyzer,  which  control  the  vertical  gain  of  the  dis¬ 
play,  were  adjusted  so  the  0.5  volt  signal  from  the  Wavetek 


Figure  10:  Top,  HeNe  Noise  Spectrum  Operated 
Multi-Mode.  Bottom,  HeNe  Noise 
Spectrum  Running  Single-Mode.  Each 
Horizontal  Division  in  20  KHz.  Top 
of  Photo  is  Reference  Line. 
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signal  generator  reached  the  top  reference  line  on  the  dis¬ 
play  (the  reference  line  is  the  very  last  horizontal  line 
at  the  top  portion  of  the  display) .  Each  vertical  division 
below  the  top  reference  line  corresponds  to  a  lOdb  decrease 
in  signal  strength.  This  allowed  the  noise  power  of  the 
HeNe  laser  to  be  evaluated  with  respect  to  the  d.c.  power 
of  the  HeNe  laser. 

The  first  photograph  of  Figure  10  shows  the  noise 

spectrum  of  the  HeNe  laser  operated  multi-mode.  The  top  of 

the  spectral  curve  at  1  KHz  is  about  10  dB  below  the 

V2 

reference  line.  Using  the  equation  dB  =  20  log  (^— ) , 


where  V2  is  the  d.c.  voltage  proportional  to  the  d.c.  power 

of  the  HeNe  beam  and  is  the  amplified  noise  voltage 

proportional  to  the  a.c.  power  amplitude  fluctuations  of 

the  HeNe  beam,  the  equation  used  to  calculate  the  root¬ 
le 

mean-square  power  fluctuations  <5*  was  derived.  This 
equation  is 


x1*  _  1  V(noise)  A,.  _  lO'^Tff  + 

A  —  —  T3 — T — C  AV  —  

S  /?  V  (d.c.)  /J 


(100) 


where  V(noise)  is  the  noise  voltage  amplitude  from  the 
detector  due  to  the  power  fluctuations  of  the  HeNe  laser, 
V(d.c.)  is  the  d.c.  voltage  from  the  detector,  Av  is 
the  detection  bandwidth  and  dB  is  the  difference  in  height 
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measured  from  the  top  reference  line  to  the  spectral  curve. 
If  the  spectral  curve  lies  below  the  reference  line,  dB  is 
a  positive  quantity.  If  the  spectral  curve  lies  above  the 
reference  line,  dB  is  a  negative  quantity.  For  example, 
in  the  first  photograph  of  Figure  10,  the  peak  of  the  spec¬ 
tral  curve  is  10  dB  below  the  top  reference  line.  The 

value  of  6”:  at  the  peak  (corresponding  to  a  frequency  of 
s 

-  1  KHz)  is  2.2  x  10  5  using  equation  (100).  The  values 
v 

of  8  decrease  with  increasing  modulation  frequencies,  as 
s 

is  easily  seen  by  the  downward  slope  of  the  noise  curve. 

Values  of  8  are  tabulated  in  Table  I  for  both  a  multi- 
s 

mode  and  single  mode  operated  HeNe  laser  at  various  fre¬ 
quencies. 

At  about  the  same  time  these  results  were  obtained 

the  RF  power  supply  was  returned  from  repair.  This  unit 

was  plugged  into  the  probe  power  supply  and  a  noise  spectrum 

% 

if 

was  taken  as  shown  in  Figure  11.  The  values  of  6^  were 
found  from  this  spectrum  and  are  also  presented  in  Table  I. 
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TABLE  I 

*  !c 

Values  of  of  HeNe  probe  laser  operated  multi-mode, 

S 

single-mode  and  multi -mode  with  RF  power  supply. 

L  1-  X  h 


l  u  *  *5 

FREQUENCY  5’  MULTI-MODE  6^  SINGLE-MODE  s  MULTI-MODE 

W/RF  POWER  SUPPLY 

(KHZ)  (x  10"8)  (x  10“8)  (X  10“8) 


(x  10“8) 


(x  10“8) 


1 

2236 

7070 

4460 

10 

1260 

2236 

1260 

20 

707 

500 

280 

40 

398 

224 

70 

60 

126 

100 

22 

80 

56 

40 

13 

100 

22 

22 

7 

120 

13 

13 

6 

140 

7 

13 

5.6 

160 

7 

13 

5.6 

Table  I  shows  that  the  HeNe  laser  intensity  fluctua¬ 
tions,  when  operated  single-mode,  were  approximately  3  times 
greater  than  the  fluctuations  when  operated  multi-mode  at 
1  KHz.  Between  20  KHz  and  100  KHz  the  single-mode  HeNe  was 


approximately  1.5  times  quieter  than  the  HeNe  operated 
multi-mode. 


With  all  the  variables  required  to  calculate  the 
signal-noise  ratios  for  all  three  variational  SRS  techniques 
known,  the  ratios  were  calculated  assuming  the  HeNe  probe 
laser  was  operated  multi-mode.  These  values  are  tabulated 

in  Table  II.  Along  with  the  SNR  values  are  the  values  of 

« 

S  as  defined  on  page  37  for  direct  SRS  and  which  is  sim- 

I 

ilarly  defined  for  RIKES  and  OHD  RIKES.  S  is  the  frac¬ 
tional  gain  of  the  probe  laser  power  during  Raman  resonance. 


TABLE  II 

Values  of  S  and  SNR  (Signal-noise  ratio)  for  all  three 
variational  techniques  of  SRS.  (Modulation  frequency  in¬ 
dicated  in  parenthesis) . 


VARIATIONAL  TECHNIQUE 

V 

S 

SNR 

Direct  SRS 

AM  Case  (1  KHz) 

1.8  x  10-6 

0.08 

Direct  SRS 

PM  Case  (40  KHz) 

3.6  x  10'7 

0.09 

RIKES 

AM  Case  (1  KHz) 

4.0  x  10~13 

0.0000075 

OHD  RIKES  (9=9  max) 

AM  Case  (1  KHz) 

0.9  x  10‘6 

0.57 

OHD  RIKES  (0=9  max) 

PM  Case  (40  KHz) 

1.8  x  10“7 

0.64 

Table  II  shows  clearly  why  the  Raman  resonance  of  liq¬ 
uid  benzene  was  never  observed.  For  each  variational  tech¬ 
nique  the  signal-noise  ratio  was  less  than  one  making  it 
virtually  impossible  to  detect  the  Raman  signal.  The 
source  of  the  noise  which  buried  the  signal  in  each  case 
was  due  to  the  laser  intensity  fluctuations  in  the  HeNe 
probe  beam  existing  at  1  KHz  for  the  AM  case  and  from 
1  KHz  up  to  40  KHz  for  the  PM  case. 

In  order  for  the  direct  SRS  technique  to  yield  an  SNR 

—8 

greater  than  1,  5^  must  be  less  than  180  x  10  when 

—  8 

using  AM  modulation  and  less  than  36  x  10  when  using  PM 
modulation.  This  means  that  within  the  0.01  Hz  detection 
bandwidth  the  probe  laser  power  must  be  stable  to  at  least 
1  part  in  106.  Table  I  shows  that  with  the  experimental 
SRS  system,  signal-noise  ratios  greater  than  one  can  be 
achieved  when  modulating  above  60  KHz  for  AM  and  100  KHz 
for  PM. 

Table  II  shows  that  RIKES  is  a  highly  undesirable 
technique  due  to  the  extremely  small  SNR.  OHD  RIKES,  on 
the  other  hand,  offers  the  greatest  SNR  of  the  three  tech¬ 
niques.  In  order  fcr  OHD  RIKES  to  yield  an  SNR  greater 

u  -8 

than  one,  5^  must  be  less  than  1300  x  10  using  AM 

S 

-8 

modulation  and  less  than  255  x  10  using  PM  modulation. 


Table  I  shows  that  signal-noise  ratios  greater  than  one 
can  be  achieved  when  modulating  above  10  KHz  for  AM  and 
above  60  KHz  for  PM. 


Figure  11:  Noise  Spectrum  of  HeNe  with  RF 
Power  Supply. 
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V 

Comparing  the  values  of  6  without  the  RF  power 

s 

supply  (first  column  in  Table  I)  with  those  values  with  the 
RF  power  supply  (last  column  in  Table  I)  shows  that  the  RF 
power  supply  dampens  the  power  fluctuations  of  the  HeNe 
probe  laser  by  a  factor  of  approximately  5  between  10  KHz 
and  100  KHz.  In  this  case,  direct  SRS  will  yield  an  SNR 
greater  than  one  for  modulation  frequencies  above  20  KHz 
for  AM  modulation  and  above  60  KHz  for  PM  modulation. 

OHD  RIKES  will  yield  an  SNR  greater  than  one  for  modulation 
frequencies  above  10  KHz  for  AM  and  above  20  KHz  for  PM. 
All  of  the  minimum  modulation  frequencies  required  in  order 
to  effectively  see  Reiman  resonance  in  liquid  benzene  are 
tabulated  in  Table  III. 

Figure  12  below  shows  all  three  noise  spectra  found  in 
Figures  10  and  11  superimposed  on  top  of  each  other  in  order 
to  make  di-nct  comparisons. 


Figure  12:  Superimposed  HeNe  Noise  Spectra.  Curve 

A-Multimode  Operation  W/O  RF  Power  Supply; 
Curve  B-Single  Mode  W/O  RF  Power  Supply; 
Curve  C-Multimode  W/RF  Power  Supply. 
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TABLE  III 


The  minimum  modulation  frequency  for  direct  SRS  and  OHD 
RIKES  are  given  in  order  to  record  the  Raman  resonance  of 
liquid  benzene.  Two  cases  are  considered:  HeNe  with  and 
without  RF  power  supply. 


VARIATIONAL 

TECHNIQUE 

MULTI -MODE  W/0  RF 

MINIMUM  MOD.  FREQ  (KHz) 

MULTI -MODE  W/  RF 

MINIMUM  MOD.  FREQ  (KHz) 

DIRECT  SRS 

AM  CASE 

60 

20 

DIRECT  SRS 

PM  CASE 

100 

60 

OHD  RIKES 

AM  CASE 

10 

10 

OHD  RIKES 

PM  CASE 

60 

20 
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VI  Conclusions  and  Recommendations 


In  this  study  the  signal  and  noise  of  the  three  var¬ 
iational  SRS  techniques  (direct  SRS,  RIKES  and  OHD  RIKES) 
utilizing  amplitude  and  phase  modulation  were  derived  and 
applied  to  an  experimental  SRS  system  using  low  power  CW 
lasers  with  samples  of  liquid  benzene  and  solid  silicon. 

The  conclusions  drawn  from  the  signal  and  noise  analysis 
are  the  following: 

1.  For  each  variational  technique,  amplitude  modula¬ 
tion  yields  greater  Raman  signals  than  phase  modulation. 

2.  If  the  modulation  frequency  eom  is  small  compared 

( 3) 

to  the  linewidth  of  x  then  phase  modulation  yields 

Raman  signals  which  are  proportional  to  the  first  derivative 
.  (3) 

of  the  imaginary  part  of  x  and  the  second  derivative 

of  the  real  part  of  x^  for  both  direct  SRS  and  OHD 
RIKES.  Hence,  phase  modulation  is  advantageous  over  ampli¬ 
tude  modulation  when  detecting  weak  Raman  signals  with  sharp 
spectral  structures. 

3.  The  main  source  of  noise  for  all  three  variational 
techniques  is  the  intensity  fluctuations  of  the  probe  laser. 
RIKES  and  OHD  RIKES  detect  less  probe  fluctuations  than 
direct  SRS,  however,  the  intensity  of  the  Raman  signals  for 
RIKES  and  OHD  RIKES  is  less  than  for  direct  SRS.  The  RIKES 


.... 
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signal  is  so  small,  due  to  its  quadratic  dependence  on 

X(3),  that  it  is  considered  an  impractical  technique  for 

low  power  CW  systems.  The  OHD  RIKES  signal  is  smaller  than 

0 

the  direct  SRS  signal  by  a  factor  of  j  ,  however,  OHD 

RIKES  is  better  able  to  suppress  the  probe  fluctuations 

1 


entering  the  detector  by  a  factor  of 


/2e2 


Hence , 


max 


the  signal-noise  ratio  (SNR)  of  OHD  Rikes  is  greater  than 
the  SNR  of  direct  SRS  by  a  factor  of 


_ .A making  OHD 

2 /20m ax 


RIKES  the  most  favorable  SRS  technique. 


( 


The  conclusions  drawn  from  the  application  of  the  signal 
and  noise  analysis  to  the  experimental  SRS  system  are  the 
following: 

1.  The  present  state  of  the  experimental  SRS  system 
is  not  able  to  detect  any  Raman  gain  in  benzene  due  to  ex¬ 
tremely  poor  signal-noise  ratios.  This  is  a  result  of  an 
excessive  amount  of  probe  laser  intensity  fluctuations  at 
the  modulation  frequencies  of  1  KHz  for  AM  and  up  to 

50  KHz  for  PM  which  swamp  the  Raman  signal. 

2.  The  root-mean-squared  fractional  intensity  devia- 
tion  (6^)  of  the  probe  laser  operated  multimode  within 

the  effective  detection  bandwidth  of  0.01  Hz  at  1  KHz 
is  2.2  x  10  5.  In  order  for  the  Raman  signal  level  of 

lc 

benzene  to  rise  above  the  noise,  must  be  no  larger 

S 

than  about  10  ^  for  direct  SRS  and  10  ^  for  OHD  RIKES. 
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3.  The  variational  technique  requiring  the  lowest 
modulation  frequency,  in  order  to  detect  the  Raman  resonance 
in  benzene,  is  OHD  RIKES  using  amplitude  modulation.  The 
lowest  modulation  frequency  which  gives  an  SNR  of  one  for 
this  technique  is  10  KHz.  The  minimum  modulation  fre¬ 
quencies  for  the  other  variational  techniques  are  shown  in 
the  left  hand  column  of  Table  IV. 

4.  Thermal  background  noise  was  observed  using  ampli¬ 
tude  modulation  on  solid  silicon.  This  swamped  the  Raman 
signal  at  520  cm  Phase  modulation  was  tried  but  it  was 
not  able  to  pull  the  Raman  signal  out  of  the  noise.  Again, 
probe  laser  intensity  fluctuations  is  the  probable  cause  for 
not  detecting  the  Raman  signal. 

The  following  are  recommendations  for  future  work  with  this 
system: 

1.  The  1  KHz  chopper  should  be  replaced  with  a 
longitudinal  electro-optic  (E/O)  modulator  capable  of 
amplitude  modulating  the  pump  beam  between  10  KHz  and 
100  KHz,  or  higher.  Modulation  at  these  higher  frequencies 
will  allow  detection  of  the  Raman  signal  in  benzene.  The 
E/O  crystal  must  not  have  any  natural  birefringence  which 
rules  out  transverse  E/O  modulators;  otherwise,  the  var¬ 
iation  in  the  wavelength  of  the  pump  beam,  while  the  dye 
laser  is  being  scanned,  will  upset  the  polarization  of  the 
emerging  beam  from  the  E/O  modulator. 
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2.  Phase  modulation  at  frequencies  higher  than  50  KHz, 
with  the  E/O  modulator  already  being  used  in  the  experimental 
system,  should  be  tried. 

3.  The  utilization  of  a  more  powerful  dye  laser  as  the 
pump  source.  This  will  increase  the  Raman  signal  due  to  its 
dependence  on  the  intensity  of  the  pump  beam. 

4.  The  RF  power  supply,  which  decreases  the  probe 
laser  fluctuations  in  the  probe  beam,  should  be  used  for  all 
future  experimental  work  with  this  system.  Table  III  shows 
the  reduction  in  the  modulation  frequency  for  each  technique 
if  the  RF  power  power  supply  is  used. 

5.  The  use  of  a  multi-pass  sample  cell  (Ref  11),  which 
allows  the  probe  and  pump  beams  to  make  multiple  passes 
through  the  sample  could  be  tried.  This  results  in  an  in¬ 
crease  in  the  gain  of  the  Raman  signal. 

6.  Working  with  solid  samples  such  as  silicon  and 
gallium  arsenide  should  be  continued.  Further  theoretical 
development  of  the  Raman  signals  could  be  carried  out  for 
these  kinds  of  solid-state  samples. 


»- 
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Appendix  A 


Deviation  of  Raman  Signals  Using  Amplitude  Modulation 


Direct  SRS 

In  this  analysis  a  fully  modulated  sinusoidal  variation 
in  the  intensity  of  the  pump  beam,  as  shown  in  Figure  A-l, 
will  be  assumed.  This  sinusoidal  variation  in  the  pump  in¬ 
tensity  can  be  written  as 


y« 


=  [l  +  COS  OJ^t  ] 


(A-l) 


where  a>m  is  the  modulation  frequency.  The  electric  field 
of  the  modulated  pump  beam  is 


Ep(t)  =  \  [Ep  +  c.c.] 


(A-2) 


where 


E_  * 


1 

I 


po 


[e 


j  K 


“m11 


j  (to  -  to  )  t-. 
e  p  m  j 

~7 


(A-3) 


The  modulated  pump  field  has  frequency  components  at 


Figure  A-l:  Intensity  Modulated  Pump  Beam 


The  spectrum  of  the  pump  field  is  shown  in  Figure  A-2. 

The  pump  and  probe  beams  interact  in  the  medium  and 
the  resulting  electric  field  at  the  Stokes  frequency  is 
found  by  solving  Maxwell's  equation,  as  was  done  in  Chapter 
II.  The  solution  is  given  by  equation  (25)  which  in  this 
analysis  is  slightly  modified  by  taking  into  account  the 
first  order  attenuation  and  dispersion  of  the  Raman  medium. 
The  modified  solution  becomes 

Eg(z=t,t)  =  EgoTn  (1  +  aZ  +  jet)  e^cost  (A-4) 


where 


describes  the  linear  dispersion  and 
attenuation  of  the  o)g  +  na>m  component 

of  the  Stokes  field.  (Here  n  =-1,0,1) 
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^  ■  4I.V 


where  r  and  s  take  on  the  values  of  +%  and  -*s.  Equation 


(A-4)  may  be  written 


E  (z=Jl  ,t)  =  E  Te 
s  so  o 


^sfc  + 


(A-5) 


where 


6  E  =  E  iTM^s4  +  jE  ®.T6e^aJst 
s  so  n  so  n 


(A-6) 


Substitution  of  a  and  &  from  equation  (A-4)  into  equation 
(A-6) ,  while  substituting  equation  (A-3)  for  the  pump  field 
yields 


12™*  ,  . 
SE°  *  -E~*-?r-  ¥  " 


+  T1*i“1e3V]ei“st 


12ttoj  E  2  «... 

^so1  -Jr2"  -F  CV-“J+ 

c  Ks 


_  .1111^-  .1111  -jco  t,_  .1111  jo)  tT  jo)  t 

T0+V*  +T-1*-W«  e  m  +TlS-»5  6  m  ]e  8 


The  total  intensity  of  the  Stokes  field  is  given  by 


Xs ( ' t}  “S71  Es 1  2=W!  EsoToe]“st+6  Es  I  2 


(A-7) 


(A-8) 
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«.* . 


=^-[E  2+E  T  6E*e^COst+E  T*6E  e“^£°st+|6E  |2] 

8ir L  so  so  o  s  so  o  s  '  s 1  J 


The  first  term  in  equation  (A- 8)  is  a  d.c.  term.  The 
second  term  becomes,  after  substituting  equation  (A-7)  for 


FW^jMst=~3^k"Epo 

s 


r  a  1111 1  a  1  111 .  fp  -  *,1111  ja>  tx_  *  1111  -jco  t-,  q  » 

+T0T-l<<,-JjJi  e  m  +T0TlV35  e  m  J  (A“9) 


The  third  term  of  equation  (A-8)  is  just  the  complex  con¬ 
jugate  of  equation  (A-9) .  Combining  all  four  terms  of 
equation  (A-8)  gives  the  total  intensity  of  the  Stokes 
field  as 


3“s.>  Es° 


+  2e"co'E-li|>*j^1  cos  (umt+Y_1-Yo)+2e"£o"£X1i“^1 

2  2  2 
3oj  *E  E 

cos(»  t+t  -y.)  ]+— - - P?— SO  [2<})^J1e”eo"£-i 

m  o  i  gck  ** 

s 


RIKES 


*  -g 

In  RIKES,  the  Stokes  field  is  analyzed  in  the  - 

/2 

direction,  as  shown  in  Figure  4,  page  45.  Hence,  the  de¬ 
tected  Stokes  field  becomes 


A  A 

e  -e_ 


E  (z=i,t)*-2— X  =  [  (— S2.  T  eV+SE  )8X  + 
S  /2  /2  °  3 


(^§oT  e^st+6E  )6E  ]*  [  — ~§y] 

/2  °  SY  sy  Y  S?  J 


=  -  (6E  -5E  ) 

✓7  sx  sy' 


(A-12) 


where 


ex  ~  unit  vector  in  the  x  direction. 


-  unit  vector  in  the  y  direction. 


5®3X-ES0lV=te3"st+JES0''Vxe:i“st 


/I 


n 


(A-12a) 


6E  =E  £T  a  e^a)st+jE  IT  S  e^s1 
sy  so  n  y  J  so  n  y 


✓7 


/I 


(A-12b) 
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and 


a  +  i& 

X  J  x 


(3) 


is  proportional  to 


“y  +  Jsy 


(3) 


is  proportional  to 


The  intensity  of  the  detected  Stokes  field  is 


Is(z=iL,t) 


§-  4  I  -  6E  | 

8tt  2  1  sx  sy1 


(A-13) 


=  i[ I 6E  I Z-5E  6E*  -6E*  6E  +|6E  1^] 

8tr  2L|  sx1  sx  sy  sx  sy  1  sy'  J 


To  simplify  the  calculation  of  the  Stokes  field  intensity, 
we  let  <SE  =  A+jB  where  A  and  B  are  both  complex. 

wA 

Thus, 

|<SEgx|2  =  AA*  +  BB*  +  j  (BA*  -  AB*)  (A-14) 


where 


-12tto)  E 


A  = 


c2k. 


j2  -f 


t,*: 


1111  j(a>  -a>  )t 


n-Vs 


m 


+ 


mi  j  (&>  +<u  )  t-, 
J5_J5  e  s  m  J 


(A-15) 
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-2e  r  -E  -E-l  ,1111,1111  .  ^  E  — £  , 

e  o[e  o  1  cos  (%t+Y_1~Y0) +e  o  1 


,1111,1111 


,  ,  ,  .  ,  -e  -E.1  ,1111,1111  ,  .  ,  „  ,  „ 

cos  (V+Yo"Yl)+e  °  *hh  cos  (a,mt+Y-l~V  + 


e  -£,,1111,1111  ,  .  ,  ,  -i  -2e .  ,  1111 ,  llllr  e,-e  , 

e  o  1^  1>h_h  cos  (%t+Yo-Yl)  ]+e  l*^  <P_hh  [e  1  -1 


cos(2o)mt+Y.1-yo)] 


(A-17) 
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The  term  BB*  is  the  same  as  AA*  except  tp^^  is  replaced 

by  <p^g^.  Similarly,  if  a  A'  and  B'  are  defined  for 

2112 

5Egy  where  A'  is  proportional  to  <Prg  and  B'  is 

2112 

proportional  to  <Prg  >  then  A*  and  B'  are  similarly 

defined  as  in  equations  (A-15)  and  (a-16)  .  The  cross  terms 

<5E  SE  *  and  SE*  Se  of  equation  (A-13)  are  of  the  same 
sx  sy  sx  sy 

form  as  equation  (A-17)  ,  but  with  the  A**  and  BB*  terms 

1111211?  llll  211? 

proportional  to  ip  ip^L  and  <j>~;  ±<PZB  ,  respectively. 

i  b  l  S  i  S  IT  s 

Combining  all  the  terms  of  equation  (A-13)  that  are  in- 
phase  with  the  modulated  pump  beam,  the  resultant  Stokes 
intensity  becomes,  again  letting  all  differences  of  e^s 


and  Y's  go  to  zero, 
n  3  / 


I  ( z=£ ,  t)  *1+1.  cos  a)  t  +  I0  cos  2ca  t 
s  o  1  m  2  m 


(A-18) 


where 


=  d.c.  terms 


4  4 
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The  quadrature  component  of  the  intensity  would  be  propor¬ 
tional  to  the  cross  products  of  ip  and  <J> .  This  component 
is  neglected,  because  in  most  cases  it  is  the  in-phase  com¬ 
ponent  which  is  detected. 


PHD  RIKES 

Figure  A- 3  shows  the  polarization  configuration  for 
PHD  RIKES.  The  Stokes  electric  field  is 


V<=,'a,|Voei*!l  cos  *+sEsx)V(EsoV3“st  sin  * 


+SV*y 


(A-19) 


alyzer 

Direction 


where  <t>  =  j  -  0 .  For  small  9 


cos  <j>  =  —  (1  +  0) 

/2 


sin  <J>  =  —  (1  -  6) 

n 


e  -e 

The  Stokes  field  is  analyzed  along  the  — — direction. 

/2 

The  analyzed  Stokes  field  becomes 


E  ( Z=B. ,  t)  *  (— — =Ec  T  0e^st  +  — [6e  -6E  1 


/I 


so  o 


sx  sy- 


(A- 20) 


where  5ESX  and  5ESy  are  given  by  equations  (A-12a)  and 
(A-I2b) ,  respectively.  The  intensity  of  the  detected  Stokes 
field  is 


*.  <  ■ «  -  wl 

n 


-  6E*y)ej“st+^!!(6Esx-fiEsy)e“jCl,St 
+  j|5Esx-«Esy|2]  (A-21) 
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The  second  and  third  terms  of  equation  (A-21)  become 


W  ^To(‘‘lx-“5ylei“stwo‘{iV1Ve'j“stl  (A-22) 


where 


5Esx=Eso  cos  (1TiV]“st  +  3Eso  cos  '‘V,®1'51 


=  —(1  +  0)£T  avej“st  +  j  —  (1  +  0 )  £T  8  ej“st  (A-23) 

/?  n  x  /i  n  x 


and 


6E  =E  sin  <J>&T  a  e^“st  +  jE  sin  iflT  B  e^s1 
sy  so  n  y  so  n  y 


,Eso  (1  -  ©H^cye^s*  +  -  6)£Tneyej&)st 


2 

Neglecting  terms  of  order  0  in  the  intensity  we  get 


6E  *  J!£  ^naxe^st  +  j 
sx  /?  /I 


(A-24) 


Eso  £T  a  e^us^  ,  .Eso  "T  B  e^ws^ 
5  E  -  — —  n  y  +  i -  n  y 

®y  n  n 


Letting  all  differences  of  e^S  and  y^s  to  be  zero  equa¬ 
tion  (A- 22)  becomes 


p  12™  p  2  Till 

c  *so  0{-E  A — 5 -  pp  r j  f.r_Q  .  -2e  (^Irfr1  cos  co  t 
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m 


2112  2112  2112 
2V%  cos  %t+2*"j“  sin  sin  %*>!>  <A-25> 


The  total  Stokes  intensity  is  found  by  combining  all  the 
terms  of  equation  (A-21) ,  which  becomes 


I8<*-*»t)«I  +IX  cos  <omt  +  I2  sin  comt  +  I3(t)  (A-26) 


where 


I  =  d.c.  terms 


247r2(o  2 


Ii  = 
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I  =  - - -  po  so  v'Lvyi5-J5  '  y->5*5  h-h  J 

c  k 


2  2 

I-j(t)  =  terms  proportional  to  <|>  and  4>  , 
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Appendix  B 


Derivation  of  Raman  Signals  Using  Phase  Modulation 

Direct  SRS 

The  electric  field  of  the  pump  beam  becomes  after 

v 

passing  through  a  phase  modulator  driven  by  a  sinusoidal 
field  at  frequency  a)m, 

00 

E  (t)=  0X*  Jn(5)exp[j  (<u  +n<o  )  t]+c.c.  (B-l) 

where  E  is  the  amplitude  of  the  pump  electric  field,  6 
is  the  modulation  index,  Jn  are  the  Bessel  functions  of 
order  n.  If  5<<1,  equation  (B-l)  can  be  reduced  to 

(b-2) 

The  phase  modulated  pump  field  has  frequency  components  at 

cu  (the  carrier)  ,  oj  +oj  and  u  -co  (the  sidebands)  .  The 
p  p  m  p  m 

spectrum  of  the  pump  field  is  shown  in  Figure  B-l.  The 
total  modulated  field  is 

Ep(t)=|[Ep(t)  +  c.c.]  (B-3) 
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— 4* 


The  Stokes  field  is  given  by  equation  (A-4) .  However, 


equation  (B-2)  is  substituted  in  for  the  pump  field,  r  and 
s  take  on  the  values  of  -1,  0,  +1;  and  n  takes  on  the 
values  of  -2,  -1,  0,  +1,  +2.  With  these  changes,  equation 
(A- 6)  becomes 


<5E  =E  IT  ae^s^jE  £T 
s  so  n  J  so  n 


-12  IT  <11 

=E  T  t[  — : 
so  n  L  _2 


2  1  1 


E?  E  (a)  +rco  )  E*  (oj  +so)  )  ]e^aist 

p  p  in  p  p  m  its 


c  k 


12iro. 


s  r=-ls=-l 
2  11 


+3EsoTn*C  -2.--SX  .Eo<%+r%>E5'“o+s“m>*«11fej“=t 


so  n  c2k  P  'P  «'  P'  P  "~m'Trs 

s 


(B-4) 


Substitution  of  equation  (B-2) for  the  pump  field  into  the 
above  equation  yields 


SE„ JT  *'“ei*s‘4T  <“.-“»>* 

s  c2k  po  so  o  oo  2  -1  ol 


-  <“s4V  Hvi l11* 5  %  <§>  2 V ^ 


-  4>S* 


1111  j(0)  +2o.  )t  Sm 
1-!  e  S  m  ~2T-1 


mi  j  (cu  -o) 
-10  e  s 


m 


)t 


J 


Figure  B-l:  Frequency  Domain  Representation  of 
Phase  Modulated  Pump  Field. 


-  4' 2*-2*iuleJ <"='2“”,t+4> 2v“-ie3“sti 


+  j{same  terms  as  above  but 


<J> 


1111 

rs 


replaces 


*1U1} 

Yrs 


(B-5) 


The  total  intensity  of  the  Stokes  field  is  given  by 
equation  (A-8) .  Letting  all  differences  of  the  first  order 
attenuation  and  dispersion  coefficients  go  to  zero,  as  was 


done  in  Appendix  A,  the  second  term  of  equation  (A-8)  be¬ 


comes,  after  substitution  of  equation  (B-5)  for  5E  , 

s 


-3£,co 


T  6E*  e^sfc=  — 5-E  2E  V2e0[t11U 
BIT  SO  O  S  2ck  po  SO  LT00 


.  6  2  / ,  1111  , 1111.  6  . 1111  jo*  t  5.1111  —  j  fit)  t 
+  *-<*n  +'l».1_1)+^ol  eJ  m  e  m 

,  6,1111  -joj  t  5 2  1111  -  j  2(o  t  6,1111  jco  t 
+  2^10  e  m  "4  *1-1  e  m  “2*-lQ  6  ra 


2 

2  11  2ck  P°  so  L*oo  +4  (*11  +  *-l-l> 


.  6. 1111  j(o  t  6.1111  -j&)  t^.  1111  -jolt  6 2. 1111  -j  2co  t 
+  2*01  e  m  "2*0-1  6  m  +2*10  e  m  +4  *1-1  G  m 


5.1111  jco  t  6*1111  j 2co  tn 
-  ^_1Q  eJ  m  -T  <f._n  eJ  m  ] 


(B-6) 


The  third  term  of  equation  (A-8)  is  the  complex  conjugate 
of  the  second  term  displayed  in  equation  (B-6) .  Adding  up 
all  four  terms  of  equation  (A-8) ,  the  total  Stokes  intensity 
becomes 


I  (z=i,t)=d.c.  terms  + 
s 


96’V  M_I„e-2to 


c3k 


po  so 
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2  2 

96tt  <us  £i _ j _ e”2E:o,  rj.llll ,  ^  1111^^  1111  n 

*2 - 37 -  P°  30  5[Vl  +*01  -2*10  J 

c  k 


96tt  ojs  jg,i _ l_^e*’2ed  ,  2  ,.,1111. ,1111, 

3“  I^T  (Vi 

s 


96tt2cus2£  -2eQ  2,A1111  Jill, 

*4"  ~~37 .  P°  80  5  (*1-1  “*-11  } 


2c  Jk 


2  2 

Ig(t)  =  terms  proportional  to  ip  and  <J>  . 


OHD  RIKES 


Those  intensity  components  that  are  of  interest  in  OHD 
RIKES  are  given  in  equation  (A-22) .  Equation  (B-5)  is  the 
equation  for  6ESX*  The  term  ^ESy  is  also  given  by 
equation  (B-5)  but  with  and  replaced  by 

JL  S  iTS 

and  <p2^2  •  respectively.  In  this  case,  equation 

*8  L  S 

(A-22)  becomes 


c  Eso  0r_12™s  £E _ 2E„e~ 2eo,.,  llll_-jco_t,6 ,1111  -i(co  -w  )t 

S7  ~2~  [  —T—  po  30  (*oo  e  3  +2*01  e  s  m 

C  K 


6 ,1111- j  (oj+oj)  t  A,  .1111  -j  (id  +w  )  t  ,6  2, 1111  -jw  t 
"5*0-1  e  s  m  -H^P10  e  s  m  +  (^-j  ip^  e  J  s 
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.6,2.1111  -j(<a  +2o>  )t  6, 1111  -j  (co  — cu  )  t  ,6 i,  2  1111  -  j  fcj  -2oJt 
'2'  ^1-1  e  s  m  ~ 2^-10  e  s  m  ~'2  ^-11  e  s  "* 


-toi-t-iT  •  4.  •  4.  jl2irJU)  _  2  -2e 

+  (^-)  ^  i  ie  - 5 — —  po  Esoe  °{Same  Terms  as 

-  -  c  ks 

above  but  with  replaced  by  <{>X^XX}e^&,st  + 

rs  c  J  rs 

12ira)g  £jy,  2^  e— 2c^  1111 

— = -  po  so  {Same  terms  as  above,  but  with 


■511-5  •  *■  12irco  „  2  -2e 

replaced  by  ^  le^s  +j — j-  s--  Epo  soe  °{Same  terms 

c  ks 

terms  as  above  but  with  replaced  by  <))^^^^}e^tost}+c.c 

rs  r  ^  rs 


Reducing  the  above  yields 


2  2 

d.c.  terms  +  — - — —  0IpoXsoe  °[5 
c  ks 

,  1111  . 1111.,.  2112  .2112.2112  ,2112, 

+  ¥-10  ‘*10  +*01  -*0-l+*10  -*-10  >  cos  V 


.  5  ,.1111  .1111  .2112  ,2112,  .  . 

+  2  (^1_1  ^_X1  -*1„1  -*_n  )  cos  2*mt 


.  .  , 4,1111  .1111.  .1111  .1111,.  2112  .2112.2112  .2112,  . 

+  5<*0-l-*10  +*01  -*-10  +*10  “*01  +*-10  "*0-1  >  Slnc°mt 


.  6  * .  . 1111  ,1111  ,2112  .2112,  .  .  . 

+  7  (*1-1  -*-ll  -*1-1  +*-ll  )  Sin  2%t] 


Again,  4'_10  =  ^10  and  ^-10  =  ^10*  Hence'  the  total  Stokes 
intensity  becomes,  after  combining  the  above  with  the  first 
and  last  term  of  equation  (A-21) , 

I  (z=£,t)=I  +1,  cos  a)  t  +  I_  sin  to  t  +  I,  cos  2<o  t 
s  '  ol  m  2  m  3  m 

+  I.  sin  2<o  t  +  Ic(t) 

4  m  5 


where 


I  =  d.c.  terms 
o 


2  2 

4 8tt  ws  4  j  9e-2co  mi  mi  2112  ,2112.-, 

Z1  —T -  P°  30  S[(^0-l  "*01  )  +  (*01  -^0-l  )] 

c  ks 
2  2 

48Tr  ws  II  I  9e~2eorr,, 1111., 1111  .,,1111, 

X2  =  3T  P°  30  5[(*0-l  +*10  -2^10  > 

c  k 


,,  2112^,  2112_  ,2112.  -1 
•  (4,oi  +$o-r2ho  )] 

2  2 

_  24tt  a)  6e~2GOp2r  ,  .  1111  .  1111.  ,  ,2112  .  .  2112, 

13  =  — 3 -  po  so  6  L(4'1_1  +'!’  X1  +l^  11 

c  ks 

2  2  - 

24*  0)  0e“  o.2r,.llll  .1111, .2112  ,2112, 

14  =  — 3 -  po  so  5  L  ( 4> —  <J> _xi  )  +  -4>1_i  )J 

*t  c  k 


2  2 

I^(t)  =  terms  proportional  to  (6^)  and  ( 6 4> )  . 
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Appendix  C 


Noise  Spectra  of  Pump  Dye  Laser  and  Ar+  Laser 

Figure  C-l  below  shows  the  noise  spectrum  of  the  pump 

0  + 

dye  laser  operated  at  5954A  with  an  input  Ar  pump  power  of 
2.5  watts.  Figure  C-l  also  shows  the  noise  spectrum  of  the 
Ar+  laser  operated  at  1  watt  in  the  Light  Control  Mode. 

The  spectrum  analyzer  settings  were  the  same  as  that  for 
the  HeNe  noise  spectra  in  Figures  10  and  11.  Hence,  direct 
comparison  may  be  made  between  the  spectra. 


12  3 


.. 


Figure  C-l:  Noise  Spectra  of  Pump  Dye  Laser 
and  Ar  Laser.  Top,  Spectrum  of 
Pump  Dye  Laser.  Bottom,  Spectrum 
for  Ar"  Laser.  Each  Horizontal 
Division  is  20  kHz. 
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Using  equation  (.100)  on  page  86  the  root-mean-squared 
fractional  intensity  deviations  in  the  pump  dye  laser  and 
the  Ar+  laser  were  found  using  the  spectrum  in  Figure  C-l. 
These  values  are  given  in  Table  C-I  below. 


TABLE  C-l 


h  h 

Values  of  6^  and  <SAr+  vs  Frequency 


equency 

(kHz) 

6  ^  (dye  laser) 

P  _ « 

(x  10  8) 

«Ar+l5 

(x  10 

1 

;  12600 

2815 

10 

7070 

1260 

20 

5620 

255 

40 

2240 

40 

60 

1120 

13 

80 

707 

7 

100 

400 

5 

120 

140 

5 

140 

125 

5 

:+  ] 
»-8v 


160 


125 
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